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Dispersal of the majority of large benthic marine invertebrates relies on a 
planktonic phase of the life cycle dispersed by ocean currents. Patterns and spatial scales 
of larval dispersal drive biogeographic distributions, genetic connectivity and population 
and community dynamics. Biological parameters that drive dispersal potential include 
larval traits such as the onset and length of competence, the ability of larvae to 
metamorphose in response to a specific environmental cue, and the rate of energetic 
storage depletion. This dissertation examines complex larval traits of a reef-building 
coral, Acropora millepora, giving insight into how larval trait variation and molecular 
pathways may contribute to the propensity to disperse. First, I examined whether or not 
light color (wavelength) acts as a cue to influence the likelihood of settlement and 
metamorphosis in two species of reef-building coral. I found that exposure to different 
colored lights impacts the propensity to metamorphose when exposed to chemical 
settlement cues, and these differences in behavior reflect wavelengths of light roughly 
associated with their respective habitats. Second, I characterized gene expression 
differences between three larval fluorescent color morphs in order to elucidate the 
 x 
 
functional significance of color variation in larvae. I found that red fluorescent larvae 
have gene expression profiles that correlate with gene expression profiles associated with 
coral larval thermal tolerance and diapause in other organisms. This suggests that red 
fluorescent larvae may be physiologically able to exist in the water column longer, 
potentially dispersing longer distances. Third, I described patterns of gene expression 
through development and correlated these patterns to competence and fluorescence. This 
revealed that larval maturation associated with competence is correlated with gene 
expression of neuropeptide signaling, ion transport and GPCR signaling. Environmental 
perturbation, such as temperature, may affect these pathways, which could alter larval 
dispersal dynamics in the sea. Finally, to complement these correlative studies, I 
developed the first method of genomic manipulation in reef-building corals. Utilizing the 
CRISPR/Cas9 system induced targeted mutagenesis in candidate genes associated with 
larval dispersal traits. This work is foundational to study gene functions in an ecological 
context, which will greatly improve our understanding of coral biology.  
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As climates shifts due to anthropogenic disturbances, biological systems are 
forced to respond (Reusch 2013). In the oceans, anthropogenic climate change is 
resulting in increased sea surface temperatures, leading to increased ocean stratification 
and modulation of oceanic current systems, as well as acidification of the ocean through 
absorption of CO2 (Hughes et al. 2003; Hofmann et al. 2010; Doney et al. 2012). One 
mechanism of response is dispersal to novel environments. Dispersal drives population 
connectivity and can facilitate adaptation to climate change via genetic rescue (Cowen 
2007; Hoegh-Guldberg et al. 2008; Cowen & Sponaugle 2009). Drivers of dispersal in 
the oceans include both physical water circulation processes as well as biological 
parameters of the dispersive phase of the life cycle (Cowen & Sponaugle 2009). For most 
benthic marine organisms, dispersal only occurs during early life history stages spanning 
reproduction throughout the pelagic larval stage. Therefore, full comprehension of larval 
connectivity in the sea relies on a better understanding of the natural variation in complex 
traits in early life history stages of benthic marine organisms that mediate the ability to 
disperse. This dissertation examines how natural variation in complex larval traits may 
contribute to the propensity to disperse in the reef-building coral Acropora millepora.   
Reef-building corals are uniquely important organisms in coral reef ecosystems 
because they act as ecosystem engineers creating the physical structure of this habitat 
(Moberg & Folke 1999). In addition, corals drive variable ecosystem processes by 
providing recruitment habitat for widely diverse fish and invertebrate species, thus acting 
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as key organisms maintaining the biologically most diverse ecosystems in the oceans 
(Moberg & Folke 1999). The success of reef-building corals in the oligotrophic 
environments hinges on their obligate symbiosis with dinoflagellates in the genus 
Symbiodinium, which significantly contribute photosynthetically-derived carbon as an 
energy source required for coral growth and reef deposition (Muscatine & Cernichiari 
1969; Muscatine & Porter 1977). Breakdown of this symbiosis by expulsion of 
Symbiodinium results in coral bleaching which can often lead to death and is triggered by 
environmental factors including temperature (Hoegh-Guldberg & Smith 1989; Glynn 
1993). Coral bleaching, in addition to numerous other environmentally induced stressors, 
is contributing to an unprecedented decline in coral reef cover (Hughes et al. 2003), 
driving an urgency to understand potential mechanisms of reef-recovery. Larval 
replenishment to degraded reefs will drive reef recovery, making it imperative to 
understand the behavior, physiology and sensory capacities of coral larvae. Many reef-
building corals exhibit a broadcast spawning life-cycle where gametes are released into 
the water column, become fertilized and develop into planktonic planula larvae, 
ultimately dispersed by oceanic currents (Baird et al. 2009). Although some corals can 
reproduce asexually, sexual reproduction mediated through spawning is the primary 
mechanism of recolonization of most coral populations, facilitating the maintenance of 
natural genetic diversity necessary for adaptation (Ritson-Wilson et al 2009). Therefore, 
biological processes involving successful dispersal, settlement and recruitment ultimately 
drive coral population growth.  
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When coral larvae interact with a suitable habitat, they begin to exhibit searching 
behavior, which includes elongation, crawling instead of swimming and attachment to the 
substrate (Fadlallah 1983; Harrison & Wallace 1990). Larval habitat selection is essential 
for the probability of post settlement survival (Babcock & Mundy 1996; Harrington et al. 
2004), therefore there is strong selection on larvae to metamorphose in an appropriate 
habitat. Coral settlement is mediated by a broad array of endogenous cues that include 
crustose coralline algae (CCA) associated compounds, light intensity, substrate texture, 
biofilms and temperature (Maida et al. 1994; Heyward & Negri 1999; Petersen et al. 
2004, 2005; Tebben et al. 2015; Winkler et al. 2015). In the first chapter of this 
dissertation I examined the potential for light color to act as a signaling cue in larvae of 
A. millepora and Pseudodiploria strigosa, both major reef-builders in the Indo-Pacific 
and the Caribbean, respectively. I found that their settlement preference in different 
colored light treatments was related to the specific depth at which their parents resided, 
suggesting light color may be an indicator of depth to the larvae, in addition to light 
intensity (Maida et al. 1994). I also found that light color could act as a signal to detect 
the orientation in the water, as it’s more suitable for larvae to settle and metamorphose on 
inconspicuous surfaces such as sides and underneath substrates. In chapter one I also 
investigated the potential role of fluorescent proteins in detecting light in larvae of A. 
millepora.  
One of the most conspicuous traits in corals is their fluorescence, which is due to 
expression of numerous GFP-like fluorescent proteins (FPs). The coral FP protein family 
includes pigments that absorb higher energy wavelengths and emit lower energy 
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wavelengths, exhibiting a wide variety of spectral types (colors) and copy number within 
the genome (Alieva et al. 2008; Gittens et al. 2015). Fluorescent color variation is 
prominent across coral taxa and within a species, with different spectral types of FPs 
being expressed in different tissues at variable levels between individuals (Gruber et al. 
2008). Coral FPs are highly abundant and expression is highly sensitive to environmental 
perturbations (Rodriguez-Lanetty et al. 2009; Aranda et al. 2011; Meyer et al. 2011; Roth 
& Deheyn 2013; Wright et al. 2015). Despite numerous hypotheses and significant 
research effort, the molecular function of coral fluorescence and the biological 
significance behind this color variation has been contentious and not fully substantiated. 
It’s likely that there are multiple functions of coral FPs that may vary across life-stage, 
taxa and/or be context dependent. In the second chapter of this dissertation, I examined 
gene expression differences in naturally fluorescence larval color morphs to elucidate 
differences in the physiological status of larvae with varying degrees of fluorescent color. 
I found significant variation in gene expression across color morphs with red morphs 
showing gene expression signatures of physiological tolerance to thermal stress. A meta-
analysis with known gene expression datasets showed that gene expression in red 
fluorescent larvae is correlated with gene expression associated with a diapause-like state 
suggesting larval fluorescence is associated with variable physiologies that may affect the 
propensity to disperse long distances. This study substantiates the significant 
physiological variation in different fluorescent color morphs as in other studies (Kenkel 
et al. 2011; Roth et al. 2015) and generates a set of hypotheses to be tested further using 
gene manipulation techniques.  
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Results from Chapter 2 of this dissertation and from (Kenkel et al. 2011) suggest 
that the larval fluorescent phenotype may represent different physiological states that 
affect the propensity to settle, metamorphose and disperse. In addition to the emergence 
of larval fluorescence being an indicator of dispersal, the timing and duration of 
competence, the state of being able to settle and metamorphose when exposed to a 
suitable cue, are typical indicators of dispersal potential in marine invertebrate larvae 
with broadcast spawning life-histories (Hadfield et al. 2001). The third chapter of this 
dissertation describes developmental gene expression in Acropora millepora in parallel 
with dispersal related traits, fluorescence and competency. This study found that a rise in 
competence through time is associated with increased expression of sensory perception 
genes, ion channels and G-protein coupled receptors. Further functional evidence of these 
candidate genes and pathways was provided through a targeted drug screen. In addition, 
expression of molecular chaperones associated with the acute stress response 
significantly decreased through developmental time and was negatively associated with 
competency. These results reveals a link between gene expression responses to thermal 
stress and propensity to settle and metamorphose, meaning stressed larvae are likely to 
have variable dispersal dynamics in the sea, which could ultimately impact population 
connectivity.  
Although these three chapters reveal significant advancements on the knowledge 
of larval physiology related to dispersal, functional tests such as gene knockdowns would 
allow hypotheses about gene functions generated through this research to be 
substantiated. Therefore, the fourth chapter describes a method developed for targeted 
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gene knockdown using CRISPR/Cas9 mediated genome editing. Microinjection of 
CRISPR/Cas9 guide complexes into recently fertilized eggs of A. millepora resulted in 
targeted insertions and deletions in coding regions of specific candidate genes. This 
chapter validates that this methods of CRISPR/cas9 delivery is sufficient to induce 
genome editing in a reef-building coral, a technique that has not been developed in this 
system. Target genes included green FP and FGF, a candidate gene identified in chapter 
three as being significantly associated with competency. This new tool opens the doors to 


















Chapter 1:  Differential responses of coral larvae to the colour of 
ambient light guide them to suitable settlement microhabitat 1 
ABSTRACT 
Reef-building corals produce planktonic planula larvae that must select an 
appropriate habitat to settle and spend the rest of their life, a behavior that plays a critical 
role in survival. Here, I report that larvae obtained from a deep-water population of 
Pseudodiploria strigosa settled more readily under blue light and in the dark, which 
aligns well with the light field characteristics of their natal habitat. In contrast, larvae of 
the shallow-water coral Acropora millepora settled in high proportions under blue and 
green light while settlement was less in the dark. A. millepora larvae also showed reduced 
settlement under red light, which should be abundant at shallow depth. Hypothesizing 
that this might be a mechanism preventing the larvae from settling on the exposed 
upwards-facing surfaces, I quantified A. millepora settlement in manipulated light 
chambers in situ on the reef. While A. millepora larvae naturally preferred settling on 
vertical rather than exposed horizontal surfaces, swapping the colours of upwards-facing 
and sideways-facing light fields was sufficient to invert this preference. I also tested if the 
variation in intrinsic red fluorescence in A. millepora larvae correlate with settlement 
rates, as has been suggested previously. I only observed this correlation in the absence of 
light, indicating that larval red fluorescent protein is probably not directly involved in 
light sensing. Our study reveals previously under-appreciated light-sensory capabilities in 
                                                
1 This chapter has been published as Strader MS, Davies SW & Matz MV 2015 Differential responses of 
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coral larvae, which could be an important axis of ecological differentiation between coral 
species and/or populations.1 
INTRODUCTION 
The most critical behavior for most sessile marine invertebrates exhibiting a 
bipartite life cycle is the selection of where to settle and metamorphose. Habitat selection 
by planktonic larvae strongly influences post-settlement survival (Babcock & Mundy 
1996; Harrington et al. 2004), and much research has explored how settlement and 
metamorphosis are regulated in reef-building corals (Ritson-williams et al. 2009). 
Selection of a suitable substrate can be influenced by cues associated with crustose 
coralline algae (CCA) (Heyward & Negri 1999; Davies et al. 2014), biofilms (Baird et al. 
2003; Petersen et al. 2004; Birrell et al. 2008), substrate texture (Petersen et al. 2005; 
Davies et al. 2013a), substrate orientation (Mundy & Babcock 1998) depth (Babcock & 
Mundy 1996; Baird et al. 2003; Suzuki et al. 2008) temperature (Winkler et al. 2015) and 
light (Lewis 1974; Maida et al. 1994; Mundy & Babcock 1998). 
Light has long been known to play a role in coral larval settlement. For example, 
larvae of several coral species (Goniastrea aspera, Acropora tenuis, Oxypora lacera) 
were shown to settle differently in response to variable light intensity, whereas larvae of 
Goniastrea favulus and Montipora pelitformis instead responded differentially to blue 
versus white light (Mundy & Babcock 1998). These settlement responses reflected light 
fields characteristics of the depth ranges for these species (Mundy & Babcock 1998). In 
addition, variation in spectral sensitivity beyond blue-sensing has been suggested in the 
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larvae of Acropora palmata, which preferentially settled on red fluorescent cable ties 
rather than cable ties of other colours (Mason et al. 2011). However, this observation 
cannot be easily interpreted in terms of larval ecology as light fields in this experiment 
were not measured or controlled. Another indication that larvae are sensitive to colours 
other than blue comes from an experiment in which reef-building coral larvae 
demonstrated electrophysiological sensitivity to pulses of red and blue-green light 
(Mason & Cohen 2012). To date, however, direct demonstration of differential coral 
larval behaviours in response to intensity-controlled coloured light stimuli is lacking and 
the potential ecological role of such photosensitivity remains unclear.   
 Coral larvae lack specialized visual structures, such as ocelli or a pigment ring, 
making it unlikely that they are able to perceive the direction of light (phototaxis) (Jékely 
et al. 2008). However, light-absorbing proteins ranging from blue-sensing cryptochromes 
(Levy et al. 2007) to long-wave sensitive opsins (Mason et al. 2012) have been identified 
in Acropora suggesting a potential mechanisms for light detection. In addition, by far the 
most abundant light absorbing molecules in many coral larvae are GFP-like fluorescent 
proteins (FPs) (Oswald et al. 2007). Despite their high concentrations, biological 
functions of coral FPs remain controversial and may include proton transport (Agmon 
2005, 2007) and photo-reduction of acceptor molecules (Bogdanov et al. 2009), which 
could potentially initiate a light-sensing signaling cascade. In addition, it has been 
proposed that FPs play a role in photoprotection by depleting excess light energy present 
in its shallow water habitat (Salih et al. 2000; Gittens et al. 2015). It is also conceivable 
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that FPs might play a role in the light detection machinery as accessory pigments, 
modifying the spectral sensitivity of the primary sensory molecules such as opsins. 
 The objective of this study was to investigate whether behavioural responses of 
coral larvae to different light fields might extend beyond using light intensity or blue light 
as a depth cue, and evaluate whether variation, if present, in these light sensory capacities 
might be attributable to differences in intrinsic fluorescence due to FPs. 
MATERIALS AND METHODS 
Pacific Field Season I 
In November 2011, at the Orpheus Island Research Station (OIRS), Great Barrier 
Reef, Australia, A. millepora colonies were collected from Little Pioneer Bay 
(18°36.989′S, 146°29.832′E). The corals were collected under the Great Barrier Reef 
Marine Park Authority permit #G10/33943.1. Approximately two hours prior to 
spawning time colonies were isolated in 20-gallon plastic bins. Colonies spawned on 
November 14, 2011 and gametes from 2 colonies were allowed to cross-fertilize for 2 
hours. Excess sperm was washed out using gentle sieving and larval cultures were 
stocked in 0.5 mM filtered seawater (FSW) at the concentration of 1 larva per mL. A. 
millepora larvae are aposymbiotic and remained so throughout culturing.  
Three light treatments (red light, green light and blue light) were constructed with 
boxes uniformly lined with small LED-lights on each of the four inner sides and upper 
surface with white paper lining the bottom surface. Incident light spectra for each 
treatment were collected using a USB2000 spectrometer (Ocean Optics, Dunedin, FL) 
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and corrected for the spectrometer’s spectral sensitivity. The total photon flux, estimated 
as the area under the spectral curve, was equalized across treatments by covering 
individual LED lights with aluminum foil. A darkness control was completely shielded 
from light using aluminum foil.  
Settlement assays and photographs began on the 9th day post-fertilization. 
Individual larvae were placed in 96-well plates with ~200 µL of FSW and photographed 
(24 individuals per plate, 1 plate per treatment) using a fluorescent stereomicroscope MZ 
FL-III (Leica, Bannockburn, IL, USA) equipped with a double-bandpass F/R filter 
(Chroma no. 51004v2) and a Canon G6 camera. Larvae of A. millepora typically remain 
aposymbiotic until after metamorphosis (Winkler et al. 2015), therefore the colors 
measured were not confounded by possible chlorophyll fluorescence. In addition, the 
filter used (Chroma no. 51004v2) detects red FP that is outside the range for cholorphyll 
fluorescence and therefore would not be detected even if it were present. After 
photographs, a small amount of finely ground crustose coralline algae (CCA), a natural 
settlement inducer (Heyward & Negri 1999), was added to each well and plates were 
placed in light treatments (one light-exposed and one foil-wrapped plate per each light 
box). Individual larvae were scored for metamorphosis by the presence of septa after 24 
hours.   
Caribbean Field Season I 
During the annual coral spawning event, August 2012, at the Flower Garden 
Banks National Marine Sanctuary (FGBNMS) gametes were collected from 3 
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Pseudodiploria strigosa colonies (27.9200° N, 93.7100° W). Bundles were brought to the 
surface, cross-fertilized for one hour and excess sperm was removed by rinsing over 150 
µm nylon mesh. Larvae were reared in 1 µm filtered seawater in three replicate plastic 
culture vessels at a density of 1 larva per 1mL. Larvae were transferred to the laboratory 
at the University of Texas at Austin in 50 mL conical tubes completely filled with FSW, 
with no air bubble remaining. P. strigosa larvae are aposymbiotic and remained so 
throughout culturing.  
Preliminary experiments determined that P. strigosa larvae reached competence 
3-4 days post-fertilization. Settlement assays were performed on the 5th day post 
fertilization in light treatments constructed as described in Pacific Field Season 1 (red, 
green, blue light plus a dark control). Individual larvae were transferred into ~200 µL 
FSW in 96-well plates and placed into the four light treatments (n=48 larvae per plate 
replicate, 2 plate replicates per treatment), constructed as described above. A single drop 
of finely ground CCA slurry collected from the FGB (Davies et al. 2014) was added to 
each well. The colored light treatments were set up as described in “Pacific Field Season 
1”. The proportion of metamorphosed larvae was quantified after 48 and 72 hours. 
Pacific Field Season II 
In December 2012 at OIRS, gametes from two A. millepora colonies (designated 
A and B) were cross-fertilized reciprocally such that each colony served as either dam or 
sire, to generate two families of larvae (AB and BA). Larval fluorescence per family was 
imaged as in (Kenkel et al. 2011) using 18-30 larvae per family. Larvae from each cross 
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were immobilized with ~0.04% paraformaldehyde and fluorescent photographs were 
taken immediately using a double-bandpass F/R filter (Chroma no. 51004v2). RGB 
values for each individual larva were calculated in ImageJ as the differences in RGB 
within the area of the larva normalized to the background. RGB values per larva were 
averaged within each family and a t-test (function t-test in R) determined the difference in 
redness between the families. 
Settlement assays were performed 10 days post-fertilization. Settlement assays 
were performed on batches of 20 larvae in ~8mL of FSW in 6-well plates (three 6-well 
plates with three wells per larval culture per light treatment). The colored light treatments 
were set up as described in “Pacific Field Season 1”. Proportions of metamorphosed 
larvae were quantified after 8 and 22 hours to account for spontaneous settlement that 
occurs in larvae that are older. 
Pacific Field Season III 
In November 2013 at OIRS, gametes from six A. millepora colonies were cross-
fertilized in bulk and reared as described in (Meyer et al. 2011). Following spawning, 
gametes from three Orpheus Island colonies and three northern colonies from Princess 
Charlotte Bay were cross-fertilized in bulk and reared at 1 larva per 2ml in eight culture 
replicates. Gentle aeration was provided from day 2 post-fertilization onward.  
To manipulate light fields corresponding to horizontal and vertical orientations of 
the settlement surface, settlement chambers were constructed. Light manipulation 
chambers were constructed using plastic rearing bins with upper surfaces lined with a 
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blue filter (Rosco supergel filter #370) and side surfaces lined with a red/orange filter 
(Rosco supergel filter #20). Control chambers were covered with diffusing white plastic 
to equalize the overall light intensity between treatments (FigureA3). All chambers 
contained an H-shaped assembly of small terracotta tiles soaked in ethanol extract of 
CCA (modified from (Harrington et al. 2004)), presenting a choice of settlement 
surfaces. Eight “coloured” chambers were covered with gel filters to induce a redder light 
field at the vertical surfaces and a blue-green light field at the upward-facing horizontal 
surfaces; however, the light intensity remained much higher at the upward-facing 
horizontal surfaces (Figure A1). Eight “control” chambers were wrapped in five sheets of 
diffusing white plastic to equalize the overall incident light intensity with the colored 
chambers without affecting the spectral composition of the light field (Figure A2). The 
chambers were seeded with ~500 larvae (10 days post fertilization) and deployed on a 
nearshore reef flat at 5m depth for 36 hours (two nights and one full day). The number of 
metamorphosed larvae on each tile surface was counted. This in situ experiment was 
conducted in the same local environment as the adults that were collected prior to 
spawning, which is consistent with the central temperature range for A. millepora in the 
GBR. Settlement chambers were deployed within very close proximity to each other and 
control and treatment chambers were randomized. Therefore differences in settlement 
between tile orientations are unlikely driven by temperature, as in the experiments by 
Winkler et al (Winkler et al. 2015) and Kenkel et al (Kenkel et al. 2011).  
Ambient light spectra at the site and depth of deployed settlement chambers were 
measured using USB2000 spectrometer equipped with a 10m long fiber optic cable 
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(Ocean Optics, Dunedin, FL) with the sensing tip of the fiber covered by diffusing Teflon 
tape, in four directions: facing up, facing down and facing to the side (toward shore and 
toward off-shore) for both treatment and control chambers (Figure 2a &b and Figure A1). 
Statistical Analysis 
All statistical analyses were implemented in R, version 3.1.2 (R core development 
team, 2013). For Pacific Field Season 1, the function fisher.test was used to calculate the 
odds ratio of settlement between each light treatment (red, green and blue) compared to 
the darkness at the 24-hour time point. Each larva was classified as being either red or 
green based on the fluorescent microphotographs and odds ratios of settlement between 
colour morphs in each treatment were calculated.  
The remainder of the statistical analyses was performed using generalized linear 
mixed (GLM) models (function glmer) defining the binomial response variable as counts 
of settled and not settled larvae. For Caribbean Field Season 1 I examined the effect of 
two fixed factors, time (48 and 72 hours) and colour (blue, green, red and no light 
control) with random effect of plate. For Pacific Field Season 2 I examined 3 fixed 
factors, time (8 and 22 hours), colour (blue, green, red and no light control) and family 
(AB and BA) with a random effect of well. For the settlement chamber experiment 
(Pacific Field Season 3) Poisson lognormal models were run with recruit counts as the 
response variable and fixed factors of tile surface exposure (up, down and vertical) and 
interaction with colour treatment (control or coloured). All GLM models were run 
allowing for over-dispersion (i.e., including a random effect of a datapoint). Significance 
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of factors was determined using a likelihood ratio test (LRT). If a factor was found to be 
significant I evaluated the significance of levels and interactions of each individual 
model. Modeling predictions were verified in R using the summary plots produced using 
the package ggplot2 (Hadley 2009). 
RESULTS AND DISCUSSION 
Although the absorption of different wavelengths of light in water differs across 
aquatic systems, in general, ocean water strongly absorbs red light resulting in red 
wavelengths rapidly diminishing with depth (<5m) (Jerlov 1976; Kirk 2011).  Green light 
diminishes more gradually, with a significant decrease around 15m (Jerlov 1976; Kirk 
2011), and blue light penetrates the deepest. Coral populations tested here live at very 
different depths, making it reasonable to hypothesize that these populations might detect 
differences in light spectra and use those cues to select a suitable microhabitat.  
Pseudodiploria strigosa: light colour as depth cue 
Pseudodiploria strigosa is a broadcast spawning coral common throughout the 
Caribbean, which is typically found at shallow depths (Veron 2000). However, this 
species is also abundant at the relatively deep-water Flower Garden Banks reef (>20m) in 
the Gulf of Mexico (Bright et al. 1984). Considering the light intensity and colour 
dependent settlement in (Mundy & Babcock 1998), if larval settlement preferences match 
the parental habitat then P. strigosa larvae from this deep-water population are predicted 
to show diminished settlement under light conditions rich in long-wave green or red light, 
which are conditions typical for more shallow-water light environments. Our results show 
a trend towards this prediction: settlement was 1.5-fold lower under green and 1.4-fold 
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lower under red light than in the dark (P=0.07 and 0.09, respectively), and 1.7-fold higher 
under blue light than in the dark (P= 0.02) (Table A2). The decrease in settlement under 
either green or red light relative to blue light was strongly statistically significant 
(P=4.0e-05 and P=6.3e-05, respectively, Figure 1b, Table A2). This result demonstrates 
the ability of P. strigosa to respond to differences in light color in a manner expectable 
for the deep-water population at the FGB. However, since this species normally exists in 
shallower water caution should be taken while extending this conclusion to the entire 
species. In fact, I can speculate that preference towards the blue light and avoidance of 
long-wave light could be unique to P.strigosa population from the FGB, being a result of 
local adaptation. Further studies involving profiling larval light responses across 
populations existing at different depths would be necessary to validate this hypothesis. 
 
Acropora millepora: light colour as depth and surface exposure cue 
Acropora millepora is found in shallow water, typically on reef flats, in lagoons 
and on upper reef slopes (Veron 2000). I predicted that this species would prefer settling 
in light environments rich in longer (green and red) wavelengths, which are abundant in 
shallow-water but diminish rapidly with depth (Jerlov 1976; Kirk 2011). In Pacific Field 
Season 1, larvae settled 4.8-fold better under blue and 6.8-fold better under green light 
compared to darkness (PFisher’sTest=2.1E-05 and 3.1E-08, respectively), and rarely settled 
under red light (settlement in red light was 5-fold less than in darkness, PFisher’sTest=0.06; 
Figure 1c TableA1a). Replicating these experiments with modifications in the subsequent 
Pacific Field Season 2 again showed a significant effect of light treatment (PLRT= 0.0003) 
with larvae settling 2.1-fold better under blue and 2.5-fold better under green light 
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compared to darkness (P(>|z|) = 0.002 and 0.0001, respectively). Once again, however, 
there was a significant decrease in settlement under red light compared to either blue or 
green (P(>|z|)=0.01 and 0.001, respectively. Figure 1d, TableA2). These results, however, 
only show how larvae respond to a single light color. Larvae in the water column are not 
exposed to one particular wavelength in isolation, but a mixture of multiple wavelengths 
ranging from UV to red. Therefore it’s possible that A. millepora larvae possess a more 
complex light detection mechanism than single-wavelength sensitivity, such as 
ratiometric detection of the proportion of green to red light in order to settle across 
species-specific depth range.  
While further studies into light detection mechanisms in coral larvae are 
warranted, here I considered the possibility that light fields preferred by larvae reflected 
not only depth, but orientation (exposure) of the settlement surface. In the shallows, red 
wavelengths are more abundant on upwards-facing surfaces, whereas surfaces facing 
sideways into the phytoplankton-rich water column are predominantly illuminated by 
blue-green light (Figure 2b). I therefore hypothesized that A. millepora apparent 
readiness to settle in green and blue light and reluctance to settle in red light would favor 
settlement in the shallows (where green light is still abundant) but on secluded vertical 
surfaces rather than on exposed horizontal surfaces. Coral larvae generally avoid settling 
on exposed upwards-facing surfaces (Maida et al. 1994; Babcock & Mundy 1996; 
Raimondi & Morse 2000), which is likely due to avoidance of grazing, sedimentation, 
high levels of light stress in shallow water, and/or competition with macroalgae during 
the earliest period of the juvenile coral’s life (Babcock & Davies 1991; Babcock & 
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Mundy 1996; Vermeij 2005; Davies et al. 2013a; McCook et al. 2014). To test this 
hypothesis, A. millepora settlement was quantified in situ under natural or manipulated 
light fields. In light-manipulated settlement chambers the predominant light colours at the 
horizontal upwards-facing (exposed) and vertical sideways-facing (secluded) surfaces 
were flipped using light filters, such that the light field was redder at the secluded surface 
and blue-green at the exposed surface (Figure 2a&b), while the overall light intensity 
remained much higher at the horizontal upward-facing surfaces (Figure A1). Control 
chambers were covered in diffuse white plastic instead of filters to compensate for the 
loss of the overall light intensity in the manipulated chambers (Figure A2).  I found no 
effect of light treatment on overall settlement rate, a strong effect of tile orientation 
(PLRT=0.004) and a significant treatment by tile orientation interaction (PLRT=0.02). The 
majority of larvae settled on downward facing horizontal surfaces in both the control and 
coloured treatment, a result that suggests light intensity plays a significant role in larval 
habitat selection since downward facing surfaces are generally more shaded (Figure A3). 
Notably, however, in the light-manipulated chambers there was 2.4-fold more settlement 
on horizontal upper surfaces (Pr(>|z|)=0.04) and 2.2-fold less settlers on vertical surfaces 
(Pr(>|z|)=0.05), resulting in the inversion of the original relative preferences (Figure 2c). 
The fact that the larval surface preferences can be inverted solely by manipulation of the 
spectral composition of the ambient light strongly suggests that light color can serve as a 
cue for settlement not only within a species-specific depth range, but also in 
microhabitat-dependent manner. 
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Role of red FP in light sensing is not supported 
Most investigations into the role of FPs in corals have focused on the adult stage. 
Although both larvae and adults express a mixture of red and green phenotypes, in A. 
millepora, adult FPs are more similar to each other than the larval FPs of the same color 
(Beltran-Ramirez 2010; Gittens et al. 2015). This suggests that gene copies of FPs likely 
play a different biological role in the larval and adult stages. Since FP’s are hypothesized 
to play a role in the perception of light and larval colour morphs have shown differences 
in response to settlement cue (Kenkel et al. 2011), I tested whether color-dependent 
settlement responses differed among fluorescent colour morphs. Since the excitation 
wavelengths for A.millepora red FP are within the green range (Alieva et al. 2008), if red 
FP functioned as a light detection molecule then larvae with varying concentrations of 
red FP would show differential behaviour in the green light treatment.  The two families 
of A. millepora from Pacific Field Season 2 were different in their average red 
fluorescence: the BA family was significantly redder than the AB family (Pt-test=0.006, t=-
2.9, df=38, Figure 3c, Figure A4).  The only significant difference between these families 
was the settlement rate in the dark: the redder family (BA) settled less than the greener 
family (AB) (Podds-ratio=0.0001) (Figure 3d, TableA3). These results agree with 
observations in (Kenkel et al. 2011) showing that redder larval families settle less than 
greener ones; it is important to note that the settlement experiments in (Kenkel et al. 
2011) were performed in the dark. However, since there was no difference in settlement 
between larval fluorescent morphs in any of the light treatments, the hypothesis that red 
and green FP play a direct role in light sensing during settlement is not supported.  In 
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adult corals, FP levels have been correlated with growth (Salih et al. 2000; D’Angelo et 
al. 2012), photoprotection (Salih et al. 2000; Gittens et al. 2015) and overall health 
(D’Angelo et al. 2008, 2012; Roth & Deheyn 2013).  In aposymbiotic larvae, it is 
possible that red FP contributes to photoprotection, allowing them to disperse in brightly 
sunlit surface waters. All these hypotheses implicate that FPs have diverse biological 
roles within a life stage and throughout the life cycle. 
In the first experiment with A.millepora (Pacific Field Season 1), where 
individual larvae were monitored, it was possible to classify each larva as either a red or 
green morph to compare red vs. green settlement rates (Figure 3a). Once again, the most 
significant difference was observed in the dark (Table A1b), supporting the conclusion 
that neither red nor green fluorescence is directly associated with light sensing. Notably, 
this time red larvae settled significantly better than green larvae (PFisher’sTest =0.005). The 
contradiction with the other result as well as earlier results of (Kenkel et al. 2011) is most 
likely due to the fact that in the present experiment the greener and redder larvae came 
from the same full-sib family. It is possible that the factors responsible for within-family 
larval colour polymorphism do not affect the settlement behaviour in the same way as 
family-wide parental effects. 
It should be noted that although our results do not support a direct role of red FPs 
in light sensing, they are insufficient to completely rule out the possibility of FP 
involvement in this function since they do not fully address the complexity of the larval 
FP complement. For instance, the complement of larval GFP-like proteins in A. millepora 
is substantially different from the adult counterpart and includes non/low-fluorescent 
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green-yellow light absorbing CP-like pigments which are derived from the red 
fluorescent amilFP597 found in adults (Beltran-Ramirez 2010; Gittens et al. 2015). 
Therefore, by characterizing our color morphs by their emissions, I am not gaining a full 
representation of the absorption properties of the larvae. In addition, I did not consider 
the spatial distribution of FPs in the larvae. It’s possible that multiple FPs and CPs, all 
with different absorption properties, work together along with other light sensing proteins 
to detect light in a ratiometric way, and this could occur in spatially defined regions of 
the larvae such as the aboral sensing region. To test these ideas, further work on the co-
localization of FPs with known photoreceptors would be needed. 
CONCLUSIONS 
A previous study suggested that light intensity was the most important factor in 
larval settlement choice (Maida et al. 1994). The data presented here adds another layer 
of complexity and suggests that light colour may be an additional cue. I find that coral 
larvae may use coloured light cues not only as a depth gauge, as has been suggested 
previously (Mundy & Babcock 1998), but also as an indicator of settlement surface 
orientation. It is notable that the two coral species studied here were substantially 
different in their settlement responses to colored lights, although without additional 
experiments it would not be appropriate to generalize the observed preferences to each 
species as a whole. Previously, two other coral species (Acropora palmata and Porites 
astreoides) were observed to settle preferentially on red substrates (Mason et al. 2011), 
which indicates yet another type of response than has been observed here (both 
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A.millepora and P. strigosa showed reduced settlement under red light). It can be 
generally concluded that modulation of coral larval settlement by the spectral 
composition of the ambient light can be complex and ecologically meaningful, ensuring 
favourable dispersion of larvae along the species-specific environmental range. In 
addition, these responses can be substantially variable among coral species and therefore 





Figure 1: Larval settlement in three light treatments. (a) Light spectra of three light 
treatments (blue, green and red). (b) Proportion of settlement in P. strigosa 
at 48 hours ± SE (c) Proportion of settlement in A. millepora larvae from 
Pacific Field Season 1 at 12 hours (d) Proportion of settlement in A. 




































































Figure 2: Larval settlement in A. millepora in manipulated light chambers in situ on the 
reef. (a) The experimental set-up for the coloured treatment chamber, 
control chamber (shown without white diffuser covering) and orientation of 
tiles (b) Relative midday light spectra in situ at different surface exposures 
in control and coloured treatment chambers. Y-axis is relative light 
intensity, X-axis is wavelength in nanometers. (c) Effect of colour 
manipulation on settlement on upper and vertical substrate orientations. Y-
axis is the log10 transformed recruit count (after adding a small value to 




















































































Figure 3: Larval settlement between colour morphs in different coloured light treatments 
(a, c) Fluorescent polymorphism of full-sibling A. millepora larvae from 
2011 (a) and 2012 (c).  Larvae in (a) were generated from two parents and 
kept in the same culture. Larvae in (c) were generated from a reciprocal 
cross from two parents and were kept in separate cultures, cross AB (damA, 
sire B) and BA (damB, sire A). (b, d) Means and 95% credible intervals of 
log-odds ratios of settlement between red and green morphs in blue, green 











Chapter 2: Red fluorescence in coral larvae is associated with a 
diapause-like state 2 
ABSTRACT 
Effective dispersal across environmental gradients is the key to species resilience 
to environmental perturbation, including climate change. Coral reefs are among the most 
sensitive ecosystems to global warming, but factors predicting coral dispersal potential 
remain unknown. In a reef-building coral Acropora millepora, larval fluorescence 
emerged as a possible indicator of dispersal potential since it correlates with 
responsiveness to a settlement cue. Here we show that gene expression in red fluorescent 
larvae of A. millepora is correlated with diapause-like characteristics highly likely to be 
associated with extended dispersal. We compared gene expression among three larval 
fluorescent morphs under three colored light treatments. While color morphs did not 
differ in their gene expression responses to light color, red larvae demonstrated gene 
expression signatures of cell cycle arrest and decreased transcription accompanied by 
elevated ribosome production and heightened defenses against oxidative stress. A meta-
analysis revealed that this profile was highly similar to the signatures of elevated thermal 
tolerance in the same coral species, and moreover, functionally resembled diapause states 
in an insect and a nematode. Our results support a connection between red fluorescence 
                                                
2 This chapter was published as Strader MS, Aglyamova GV & Matz MV. 2016 Red fluorescence in coral 
larvae is associated with a diapause-like state. Molecular Ecology 2:25. doi: 10.1111/mec.13488. 
Contributions: M.V.M. designed the study and performed experiments in the field. G.V.A. completed 
laboratory work. M.E.S. analyzed the gene expression data and performed the meta-analysis. M.E.S. and 
M.V.M. both contributed to writing the manuscript.  
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and long-range dispersal, which offers a new perspective on the molecular underpinnings 
of coral larval dispersal and the biological function of GFP-like fluorescent proteins. 
INTRODUCTION 
Corals harbor a stunning diversity of GFP-like fluorescent proteins (FPs) (Alieva 
et al. 2008), which contribute to the vibrant colors of coral reefs (Matz et al. 2006). Coral 
FPs are widely utilized in biomedical science as genetically encoded fluorescent markers 
(Chudakov et al. 2010), however the biological functions of different spectral types of 
FPs remain unclear. Coral FPs can constitute up to 7% of total protein in a coral (Oswald 
et al. 2007) and show signatures of diversifying natural selection at residues affecting 
their spectral properties (Field et al. 2006), indicating that FP color diversity likely plays 
an important role in coral fitness. Most coral FPs are strongly regulated at the gene 
expression level in response to stressors despite having a long half life (Leutenegger et al. 
2007): their expression is generally down-regulated under thermal stress and darkness 
(Bay et al. 2009; DeSalvo et al. 2012; Roth & Deheyn 2013) and up-regulated under high 
light (D’Angelo et al. 2008) and UV stress (Aranda et al. 2011). There is notably high 
GFP expression around growing areas of a colony (Salih et al. 2000; D’Angelo et al. 
2012) such as branch tips and after injury (Palmer et al. 2008, 2009a) leading to the 
implication that the magnitude of green fluorescence might correlate with coral health 
(D’Angelo et al. 2008, 2012; Roth & Deheyn 2013). It has also been suggested that coral 
FPs are able to quench free radicals (Bou-Abdallah et al. 2006). However, non-
fluorescent FP mutants quenched reactive oxygen species even better than fluorescent 
ones (Palmer et al. 2009a), making it unlikely that FPs have evolved specifically for this 
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function. There is also evidence that FPs might participate in light-activated electron 
transport (Bogdanov et al. 2009) or energy transfer cascades (Roth et al. 2013) as 
opposed to passive light absorption, and might provide photoprotection through 
reflectance and dissipation of high-energy solar radiation (Salih et al. 2000; Gittens et al. 
2015). These examples highlight the ambiguity in assigning functions to coral FPs and 
suggest that FPs play important, and most likely diverse roles in mediating corals’ 
interactions with the environment. To get around the lack of genetic manipulation tools, 
we take advantage of natural variation in FP expression within a coral species and 
investigate molecular traits that co-vary with it.   
Acropora millepora, a widespread Indo-Pacific coral, exhibits prominent 
fluorescence polymorphism in both larval and adult stages (Beltran-Ramirez 2010; 
Kenkel et al. 2011). Larval settlement behaviour appears to be correlated with fluorescent 
phenotype: greener larvae are more likely to settle in response to natural cues (crustose 
coralline algae) than redder ones (Kenkel et al. 2011). This suggests that the relative 
proportions of different FPs might reflect complex physiological variation, modulating 
the ability of the larva to perceive settlement cues and/or appropriately respond to them. 
Red FP is a particularly promising candidate for a sensory molecule, since it accumulates 
in epidermal cells of the aboral pole of the larva that is forward-facing during searching 
behaviour and becomes the initial site of attachment to substratum (Beltran-Ramirez 
2010; Kenkel et al. 2011).  
Here, we evaluated two broadly defined hypothetical functions of coral FPs: 1) 
stress response and 2) sensing external stimuli. We compared global gene expression 
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profiles of 3 distinct larval fluorescent phenotypes (red, green and mega-green) (Figure 
4A) after exposure to different light conditions (darkness, green and red light). The stress 
response hypothesis predicts an enrichment of stress-related genes among those 
differentially expressed between color phenotypes. Of all possible sensory functions, FPs 
are most likely to participate in the response to light since they are by far the most highly 
expressed light-absorbing molecules in coral larvae (Meyer et al. 2011). If this is the 
case, we expect to see differences between larval color morphs in their molecular 
response to light. The stress and sensory hypotheses are not mutually exclusive, as FPs of 
different spectral types likely serve different functions (Field et al. 2006). 
MATERIALS AND METHODS 
Experimental Procedures 
Colonies of A.millepora were collected from Ningaloo reef, Western Australia, 
and isolated in bins with filtered seawater (FSW) ~3 days prior to spawning. Colonies 
were allowed to spawn naturally on March 14, 2012 at approximately 9PM. Gametes 
from four individuals were combined and allowed to fertilize for ~4 hours. Larvae were 
reared at a density of 1 larva/mL with slow FSW flow-through and gentle aeration at 
ambient temperature (28-30oC). Larval fluorescent phenotypes were visualized using a 
fluorescent stereomicroscope MZ FL-III (Leica, Bannockburn, IL, USA) as in (Kenkel et 
al. 2011). Four days post fertilization, a subsample of the bulk larval culture was 
separated by fluorescence phenotypes and exposed to three different LED-light 
treatments (red light, green light and darkness) for 4 hours. The two light treatments were 
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equalized for total photon flux using a USB2000 spectrometer (Ocean Optics) by 
adjusting the light intensity to equalize the areas under incident light curves. After light 
exposure, 20 larvae of each of the three phenotypes were preserved in RNAlater 
(Ambion, Austin, TX) with two replicates larval pools per light treatment per phenotype, 
18 samples total. 
Parentage Assignment 
We evaluated relative proportions of larval morphs produced by each parent 
based on genetic parentage assignment using previously characterized microsatellites 
(Wang et al. 2009). Small branches from each parent and individual larvae sorted by 
fluorescent phenotype (red, green and mega-green) were preserved in ethanol. Adult and 
larval DNA was extracted using a phenol-chloroform method as in (Davies et al. 2013b). 
Previously characterized microsatellites (Wang et al. 2009) were used to genotype the 
four parents. Two markers that exhibited unique homozygous (locus WGS092) or almost 
unique heterozygous alleles (only 2 alleles were shared between two of the parents) 
(locus EST032) for each of the four parents (Wang et al. 2009) were identified (Table S1, 
Supporting Information). Genotypes were assigned to individual larvae using 
amplification and sequences methods described in (Wang et al. 2009). Since only two 




RNA was extracted for preparation of cDNA libraries using the Ambion 
RNAqueous-micro kit (Ambion, Austin TX) according to the manufacturers instruction. 
Isolated RNA was quality checked by gel electrophoresis to confirm the presence of 
ribosomal RNA bands. 228-500ng of RNA per sample was used to prepared tag-based 
RNA-seq libraries (Meyer et al. 2011) adapted for Illumina HiSeq. The detailed step-by-
step protocol and detailed walkthrough for the bioinformatics pipeline is available at 
https://github.com/z0on/tag-based_RNAseq. Briefly, 50 bp single-end reads were 
deduplicated based on identity of the degenerate 5’-leading sequence introduced during 
cDNA synthesis (NNMW followed by 3-5 G bases) and the first 20 bases of the read, 
after which the 5’ leader and, where observed, the 3’-part containing poly-A stretch and 
3’-adaptor were removed. These trimmed reads were quality-filtered using fastx toolkit 
(Pearson et al. 1997), requiring 90% of the bases to be above Phred quality 20 (i.e., <1% 
error probability) . The cleaned reads were mapped to the A.millepora transcriptome 
(Moya et al. 2012) using Bowtie2 (Langmead & Salzberg 2012). The custom perl script 
samcount.pl was used to count the number of reads mapping to each isogroup (a 
collection of contigs representing the same gene) while disregarding reads that mapped to 
more than one isogroup equally well.  Lastly, the per-sample counts were tabulated for 
further analysis in R. 
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Statistical Analysis 
All analyses were performed in R3.1.2 (R core development team, 2013). Counts 
data were analyzed using LRT statistics modeling the effect of fluorescent phenotype, 
light treatment and their interaction using DESeq2 (Love et al. 2014b). One sample 
outlier (green larvae, red light exposed 1), which substantially deviated from the rest in 
total counts, was identified using the package arrayQualityMetrics (Kauffmann et al. 
2009) and removed from subsequent analysis. For both LRT and Wald tests, the p-value 
cutoff corresponding to the false discovery rate of 10% was determined using simulation-
based empirical FDR method (Dixon et al. 2015; Wright et al. 2015) which achieves 
power comparable to the independent filtering procedure embedded in the DESeq2 but 
does not require discarding low-abundant genes to boost FDR-passing numbers. Principal 
coordinate analysis using the package adegenet (Jombart 2008) and variance stabilized 
counts data derived from DESeq2 was performed based on Manhattan distances between 
samples, which reflects the sum of absolute log-fold-changes across all genes. The effect 
of larval phenotype was calculated using function adonis of the package vegan (Dixon 
2003). 
Pair-wise contrasts were performed between the color morphs using Wald tests 
(Love et al. 2014b). For each comparison, samples from one color morph were compared 
against the samples without that phenotype (i.e. red larvae v. larvae that are not red 
(green and mega-green)), which allowed us to identify genes that were uniquely 
differentially expressed with respect to each color phenotype. Two additional 
comparisons were performed; contrasts between green and mega-green morphs revealed 
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differences in gene expression along the second principal coordinate (Figure 4B), 
contrasts between red and mega-green larvae allowed us to eliminate possible parental 
effects, since both red and mega-green larvae have similar parentage (Figure 4D).  
To elucidate if functional groups of genes were enriched in each comparison 
between color morphs, we performed rank-based Gene Ontology enrichment analysis 
using Mann Whitney U tests (Kosiol et al. 2008; Voolstra et al. 2011; Dixon et al. 2015), 
based on uncorrected log-transformed p-values (negative if the gene was down-regulated, 
positive if up-regulated). The scripts and instructions to perform this analysis are 
available at https://github.com/z0on/GO_MWU. Hierarchically clustered heatmaps were 
used to visualize significant DEGs between color morphs and genes associated with 
specific GO terms using the package pheatmap (Kolde 2013). 
Correlations with external coral datasets 
We compared the current dataset to other published gene expression datasets on 
heat tolerance and response to thermal stress in A. millepora adults and larvae. Two of 
these datasets were from previous experiments on larval response to short-term (4 hours) 
and long-term (5 days) heat stress at 31.5oC (Meyer et al. 2011). The other two datasets 
include larval thermal tolerance (gene expression observed under benign conditions that 
predicted the survival rate of the larval cohort under stress), and adult response to heat 
stress (31.5oC for 3 days) (Dixon et al. 2015).  
We used KOG (euKaryotic Orthologous Groups) class assignments (Tatusov et 
al. 2003) to compare the enriched functional categories of genes between datasets (Dixon 
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et al. 2015). This analysis was based on same “signed log p-value” measures as GO 
analysis. A heatmap of KOG delta-ranks (a measure of each KOG class enrichment with 
up or down-regulated DEGs) in each dataset was plotted using the package pheatmap 
(Kolde 2013). The KOG analysis was performed using KOGMWU package in R (Dixon 
et al. 2015). Correlations between KOG categories in each dataset comparison were 
performed using a Pearson’s Correlation. 
Correlations with external diapause datasets 
Two non-coral datasets were chosen for comparison: dauer vs. nondauer 
Caenorhabditis elegans (Sinha et al. 2012) and diapause vs. non-diapause midge 
Sitodiplosis mosellana (Diptera) (Gong et al. 2013). These data were extracted from the 
NCBI Gene Expression Omnibus (GEO) database (accession numbers GSE30977 and 
GSE48156, respectively). The GEO2R function on the GEO website was run to extract 
differences between C.elegans Dauer vs. Mix-Stage. The C. elegans protein database was 
downloaded from NCBI and KOG annotations were generated using the webMGA server 
(http://weizhong-lab.ucsd.edu/metagenomic-analysis/server/kog/). Custom perl scripts 
were used to create a table that associated each gene identifier with a KOG class. The S. 
mosellana dataset was re-analyzed using DESeq2 (Love et al. 2014b) to calculate p-
values and fold-changes for all genes in the dataset using the number of unique reads for 
DOL (diapause) and NDOL (non-diapause) samples. The S. mosellana shotgun 
transcriptome assembly was downloaded from NCBI, translated based on blastx results 
against UniProt database using a custom perl script CDS_extractor_v2.pl and annotated 
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with KOG classes as described above. For both datasets, ‘signed log p-values’ were 
calculated for all genes, after which they were subjected to KOG class enrichment 
analysis together with the coral datasets, as described above. All custom scripts and their 
documentation are available as part of the transcriptome annotation bundle at 
https://github.com/z0on/annotatingTranscriptomes. 
RESULTS 
Fluorescent phenotypes in larvae 
A.millepora larvae from Western Australia included green fluorescent phenotypes 
similar to those described in Great Barrier Reef (GBR) populations (Beltran-Ramirez 
2010; Kenkel et al. 2011). While A.millepora larvae from the GBR usually exhibit a 
continuum of color phenotypes ranging from purely green to purely red, larvae from 
Ningaloo segregate strongly between green and red phenotypes with no intermediates 
between them (Figure 4A). In addition, A. millepora larvae from Ningaloo demonstrated 
a novel fluorescent phenotype that has never been described on the Great Barrier Reef 
that we called “mega-green”. This novel color morph expresses strong green fluorescence 
in the epidermis in the oral half of the larva forming a sharp boundary between oral and 
aboral halves (Figure 4A). There is variation in expression of known A. millepora FPs 
between color morphs, however only expression of cyan FP was significantly different 
among larval color morphs (pLRT=0.004) (Figure 4C) and was highest in green color 
morphs. 
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Parental differences between color morphs 
If there was a strong bias in parentage among color morphs, gene expression 
differences between them could be attributable to genetic effects rather than 
physiological states associated with specific fluorescent phenotypes. Parentage was 
assigned to a total of 62 individual larvae: 34 green, 18 mega-green and 10 red morphs. 
Four adults contributed to the larval culture; therefore each individual was assigned 2 of 
the 4 parents (designated A, B, 1 and 2). Color morphs were not exclusively generated by 
any particular set of parents, as each parent contributed to each of the three color morphs, 
with the exception of parent B, which predominantly begot green morphs and not a single 
red morph among those that were genotyped (Figure 4D). Therefore, the comparison 
between green and non-green morphs might be confounded with the genetic effect of 
parent B. However, contrasts between red and mega-green morphs should be unaffected 
by differences in larval parentage (Figure 4D). 
Differential gene expression profiles between color morphs under light treatments 
Tag-based RNA sequencing yielded 63,423,504 total reads, on average 3,523,528 
per sample. After trimming, deduplicating and quality filtering, an average of 18.8% of 
reads were retained, of which approximately 74.83% mapped unambiguously to the 
A.millepora transcriptome (Moya et al. 2012), resulting in an average of 366,814 unique 
transcript counts per sample. Expression of 35,658 genes was analyzed using DESeq2 
(Love et al. 2014b) and a simulation-based empirical FDR method (Wright et al. 2015). 
The empirical FDR approach has comparable power to the independence filtering 
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procedure implemented in DESeq2 but does not require discarding data to boost 
statistical significance post-FDR correction. The analysis yielded 1258 differentially 
expressed genes (DEGs) for larval phenotype and 16 DEGs for the light treatment. No 
DEGs for phenotype-by-treatment interaction exceeded the simulated false discovery rate 
(Figure A5), substantiating the lack of its detectable effect on gene expression. Principal 
coordinate analysis revealed that each color morph has a distinctive gene expression 
profile (pPERMANOVA=0.001, Figure 4B).   
Analysis of differential gene expression between color morphs 
To characterize gene expression patterns specific for each morph, pair-wise 
contrasts were run using Wald statistics testing each morph against the other two. 
Simulating the data through Empirical.FDR testing (Wright et al. 2015) validated the 
results of the Wald tests and adjusted the 0.1 FDR cutoffs. Between red morphs and both 
other morphs, 1493 genes were differentially expressed, 816 down-regulated and 677 up-
regulated. There were 609 DEGs specific to green morphs compared to red plus mega-
green morphs, 356 genes down-regulated and 253 genes up-regulated, and 86 DEGs 
specific to mega-green morphs compared to red plus green morphs, 39 down-regulated 
and 47 up-regulated. When comparing mega-green to only green morphs there were 130 
differentially expressed genes, 48 genes down-regulated and 82 genes up-regulated. The 
final comparison between red and mega-green morphs, to avoid potential confounding 
effect of uneven parentage in the compared larval pools, revealed 502 DEGs, 265 up-
regulated and 237 down-regulated in red larvae.  
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For each of the three pair-wise comparisons, a rank-based GO analysis was 
performed (Table 1, Figures A6 & A7) (Dixon et al. 2015). In red larvae, the GO term 
most significantly enriched in up-regulated genes is ‘ribonucleoprotein complex’, while 
‘chromatin organization’ is most significantly enriched in down-regulated genes (Table 1, 
Figures A6 & A8). Among DEGs specific to green morphs, the most significant up-
regulated categories are ‘extracellular matrix structural constituent’ and ‘collagen trimer’, 
while ‘ribonucleoprotein complex biogenesis’ and ‘oxidoreductase activity’ terms are 
down-regulated (Table 1, Figure A7). Significant GO enrichments were found for mega-
green larvae only when compared to green, and included up-regulation of 
‘oxidoreductase activity’ and down-regulation of “extracellular matrix structural 
constituent’ (Table 1). 
KOG class enrichment 
DEG summary by KOG classes corresponded well with GO enrichment analysis. 
Red larvae show most pronounced down-regulation among classes ‘Chromatin structure 
and dynamics’ and ‘Cell cycle control, cell division, chromosome partitioning’ while up-
regulating ‘Energy production and conversion’ (both in red-vs-all and red-vs-mega-green 
comparisons). Green larvae have the opposite profile of up- and down-regulated KOG 
classes, which is expected since this comparison largely corresponds to the same 
principal coordinate as red v. all comparison but with an opposite sign (Figure 4D). In 
mega-green larvae when compared only to green, ‘Energy production and conversion’ 
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was the most significantly up-regulated and ‘RNA processing and modification’ was the 
most significantly down-regulated KOG term (Figure 5A).  
Meta-analysis including prior data 
In comparing the KOG delta ranks with the other coral stress datasets, there is a 
significant correlation between red larvae and the A. millepora larval thermal tolerance 
dataset (R=0.51; p=0.01) (Figure 5B). Green larvae demonstrated a significant positive 
correlation with long-term larval heat response (R=0.47; p =0.02) (Figure 5E).  
To assess the possibility that red larvae show gene expression characteristics of 
diapause quantitatively, we compared gene expression in red larvae to diapause-related 
gene expression in the dauer stage in the nematode Caenorhabditic elegans (Sinha et al. 
2012) and an insect larvae (midge, order Diptera) Sitodiplosis mosellana  (Gong et al. 
2013). Both non-coral external diapause datasets clustered with the red phenotype 
(defined either as red-vs-all or red-vs-mega-green comparison) and A. millepora larval 
thermal tolerance data. In addition, the dataset comparing S. mosellana diapause with red 
larval color morphs shows a significant correlation of KOG class delta-ranks (R=0.50, 
p=0.02)(Figure 5C). 
DISCUSSION 
Phenotypic variation in fluorescence 
Acropora millepora larvae from Ningaloo reef exhibit striking fluorescent 
polymorphism that has never before been observed in the same species on the other side 
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of the continent (the Great Barrier Reef, GBR). The Ningaloo green color morph 
resembles the phenotype typically found on the GBR, which happens to be the least 
fluorescent of the three Ningaloo morphs. Green larvae show expression of GFP around 
the larval mouth and a high concentration of RFP expressing cells in the epidermal tissue 
of the aboral pole that thin out in a gradient from aboral pole to about the midpoint of the 
larva ((Beltran-Ramirez 2010; Kenkel et al. 2011), Figure 4A). The red and mega-green 
morphs described here are novel and qualitatively different phenotypes. Both of them are 
very bright, the red morph featuring abundant red fluorescence throughout the epidermis 
and the mega-green morph exhibiting abundant green fluorescence in a sharply delimited 
domain of the epidermis in the oral half of the larva (Figure 4A). Interestingly, the 
expression of GFP in mega-green morphs was the lowest of the three morphs (Figure 
4C). This discrepancy between presumed GFP protein abundance from the photos and 
transcript levels suggests the mega-green phenotype may be a result of earlier 
transcriptional activity of the gene. This is plausible given the long half-life reported for 
some coral fluorescent proteins (20 days, (Leutenegger et al. 2007)). Another possible 
explanation is that high expression in a subset of ectodermal cells might be masked by 
lower expression of the same gene in the rest of the larva. 
Response to light does not differ among fluorescent morphs 
The effect of light treatments on gene expression was subtle. Two annotated 
genes were significantly down-regulated under green light compared to red light and 
darkness; an ATP-dependent RNA helicase and a sodium/potassium/chloride transporter 
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(SLC 12) (Figure A9). SLC12 transporters function in maintaining epithelial ion 
homeostasis and secretory processes and are found in all cell types (Russell 2000). 
Reduction in expression of this homeostasis regulator suggests that exposure to green 
light may affect ion balances in coral larvae. Cryptochromes, which absorb blue light and 
are known to be regulated during diel cycles (Levy et al. 2011) and synchronous coral 
spawning events (Levy et al. 2007) are up-regulated under green light. Since we did not 
detect an effect of fluorescent phenotype on gene expression under different light 
treatments, it’s likely that FPs do not modulate an early molecular response to light and 
are therefore unlikely to be directly involved in light perception.  
Mega-green larvae show signatures of stress susceptibility 
Although mega-green morphs are very phenotypically distinct, their gene 
expression profile is quite similar to green morphs (Figure 4B). The trends in KOG 
enrichment in the comparison between green and mega green larvae (up-regulation of 
‘Energy production and conversion’ and down-regulation of ‘Cell cycle control, cell 
division, chromosome partitioning’) made this comparison cluster with red-specific 
expression (Figure 5A), ostensibly reflecting the alignment along the first principal 
coordinate (Figure 4B). Mega-green larvae up regulate HSP90 and Caspase, genes that 
are known to be up regulated during acute thermal stress in corals (DeSalvo et al. 2008; 
Tchernov et al. 2011), as well as Transketolase, which is up regulated in adult corals of 
Acropora hyacinthis that exhibit symptoms of white syndrome-like disease (Wright et al. 
2015) (Figure A10). Therefore it is possible that mega-green morphs are experiencing 
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stress, however this would need to be experimentally tested in the future. Since high 
abundance of GFP in mega-greens is observed in the absence of the high expression of 
the GFP transcript, accumulation of GFP in oral ectoderm might be a factor making the 
larvae more susceptible to these threats rather than being a direct response to them. 
Larvae and adults express different versions of GFP (Beltran-Ramirez 2010) and 
observations in adult corals contradict this conjecture: adult green fluorescence has been 
associated with elevated stress tolerance (Salih et al. 2000) and better overall health as 
indicated by the correlation with coral growth (Roth et al. 2013). This suggests that GFP 
may play different functional roles when expressed in different tissues and life-stages.  
Red larvae may be geared for long-range dispersal 
A previous study of A.millepora in the GBR found that higher red fluorescence in 
the larvae is associated with lower responsiveness to a settlement cue and therefore might 
be a marker of long-range dispersal potential (Kenkel et al. 2011). Here, we evaluated 
whether the molecular differences associated with red fluorescence in larval color morphs 
from Western Australia could be interpreted in favor or against this hypothesis. It should 
be noted that response to settlement cues was not tested in these larval color morphs from 
Western Australia and in theory could be different from what was found before in A. 
millepora larvae from the GBR. We found that both comparisons (red compared to both 
green morphs and red compared to only mega-green morphs) yielded very similar results, 
aligning with the first principal coordinate of the gene expression diversity in our 
experiment (Figure 4B).  
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The major difference between the gene expression signatures of green and red 
color morphs is expression of genes associated with cell growth, cell division and stress 
tolerance. Red larvae down-regulate cell division related genes, including several 
histones types and subunits as well as histone-modifying enzymes, reflected in the 
enrichment of the GO category ‘chromosome organization’ (Table 1, Figures A8 & A9). 
Expression of histones is typically regulated by the cell-cycle, where histone proteins 
must be balanced with DNA-replication to ensure accurate chromosome replication 
(Rattray & Müller 2012). Transcription also appears to be down-regulated in red larvae, 
which is manifested by down-regulation of several subunits and regulators of RNA 
polymerase II along with components of the mediator complex, which is a necessary 
component of the pol II transcriptional machinery (Conaway et al. 2005). We also 
detected a significant down-regulation of protein kinase regulators (Figure A8). Although 
serine/threonine protein kinases can potentially be involved in all signal transduction 
pathways, we see kinases specific to the regulation of the cell cycle including two cyclin-
dependent kinases (Figure A8).  
Despite these indications of suppressed cell division in red larvae, they also show 
an up-regulation of ribosomal subunits (Table 1), which is a strong indication of cell 
growth (Rudra & Warner 2004). Therefore, cells in red larvae seem to arrest their 
division but maintain healthy physiological state. Notably, a similar pattern is also 
observed among gene expression signatures associated with elevated larval thermal 
tolerance (Dixon et al. 2015), which also include significant up-regulation of the KOG 
category ‘Translation, ribosomal structure and biogenesis’ and down-regulation of 
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“Chromatin structure and dynamics”. Enrichments of KOG classes with up- or down-
regulated genes were significantly correlated among red larvae and heat tolerant larvae, 
indicating that red fluorescent larvae likely exhibit elevated stress tolerance.  
Perhaps the most striking gene expression signature in the red larvae is up-
regulation of the whole diversity of transcripts involved in deactivation of reactive 
oxygen species, including Cu/Zn superoxide dismutase, ferritin, catalase, glutathione 
peroxidase and thioredoxin (Figure A8). In adult corals, these proteins provide protection 
from oxidative stress due to algal photosynthesis (Lesser 2006; Griffin et al. 2006; 
Portune et al. 2010; Seneca et al. 2010) and are up-regulated under heat stress and during 
bleaching (Császár et al. 2009). The A. millepora larvae in this experiment are 
aposymbiotic and were maintained in the same environmental conditions. Therefore, the 
up-regulation of antioxidant proteins specifically in red larvae is not likely a response to 
stress but could be a preemptive mechanism to increase baseline stress tolerance (Barshis 
et al. 2012). Elevated antioxidant protection could be beneficial for long-term survival in 
sunlit surface waters, where reactive oxygen species are very abundant (Blough & Zepp 
1995), which aligns well with the hypothesis of red fluorescence being a marker for long-
range dispersal.  
Gene expression in red larvae is similar to diapausing organisms 
Molecular characteristics of diapause, which have been intensively studied in 
organisms such as C. elegans that produce a long-lived dauer stage, include the reduction 
of cell division and ion transport coupled with an increase of molecular chaperones and 
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ROS scavenging enzymes, including superoxide dismutase (MacRae 2010). Gene 
expression observed in red larvae appears to mirror some of these characteristics, such as 
possible cell cycle arrest and elevated tolerance to thermal and oxidative stress. Indeed, at 
the level of KOG class enrichment, red larval gene expression clustered with diapause 
datasets and exhibited statistically significant similarity to a midge diapause state (Figure 
5A). In the midge and the worm, diapause is a discrete physiological state triggered by an 
environmental factor such as population density and low resources in C. elegans (Golden 
& Riddle 1984), and decreased temperature and soil moisture in S. mosellana (Gong et 
al. 2013). In coral larvae, a discreet diapause-like state has never been described, but the 
striking fluorescent phenotype of red larvae (Figure 4A) as well their clear separation 
from the rest in terms of gene expression profile (Figure 4B) suggest this may be a 
possibility. In this experiment there was no obvious environmental trigger that could have 
induced this state in some, but not all of the larvae in the bulk culture. Although this 
study finds red fluorescent larvae were produced in similar proportions (20-30%) by three 
of the four parents (Figure 4D), there remains a possibility of maternal effects on larval 
fluorescence and physiology. It’s possible that larval phenotype, both fluorescence and 
potential diapause-like physiological characteristics, are determined by the health state or 
environmental history of the dam, especially since maternal effects on larval traits have 
been demonstrated previously (Dixon et al. 2015). In-depth quantitative genetic studies 
are required to disentangle the contribution of sire, dam, and environment in determining 
larval fluorescent phenotype.  
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  It would be beneficial if broadcast-spawning corals were able to modulate the 
dispersal potential of their offspring, promoting faster settlement when conditions are 
good and gearing the larvae up for long-range dispersal when conditions are stressful. 
Notably, the existence of such a mechanism would lead to intensified long-range 
genotype exchange under global warming, thus promoting rapid adaptation via “genetic 
rescue” (Dixon et al. 2015). It’s possible that environmental stress or history can trigger a 
diapause-like state that promotes long-distance dispersal and 'escape' from this regional 
stress/environment. Thus far, the possibility of such mechanism has not been investigated 
in any marine invertebrate, as larval dispersal potential continues to be regarded as a 
fixed species-specific property that cannot be switched or modulated (Cowen & 
Sponaugle 2009). This study raises multiple hypotheses about the significance of 
fluorescent variation in A. millepora larvae, which need to be directly tested. It is critical 
to test thermal tolerance between color morphs in larvae from Western Australia as well 
as whether or not mega-green larvae are experiencing stress. Both of these questions 
could be addressed using assays as in (Dixon et al. 2015). One possible explanation of 
the observed larval fluorescent polymorphism could be difference in developmental 
timing between color morphs; however, we believe that this explanation is unlikely. If the 
small differences in developmental timing among our larvae were responsible for the 
striking color polymorphism, we would have seen rapid color transitions in the whole 
culture through days 4-6, which was not the case. Kenkel et al 2011 found differences in 
settlement between green and red larvae, however whether this results holds true for the 
novel color morphs from Western Australia is yet to be seen. In the future, to fully 
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substantiate our assertion that bright red A. millepora assume a diapause-like state it will 
be necessary to directly test their responsiveness to settlement cue and stress tolerance as 
well as characterize the environmental cues that trigger induction and exit out of diapause 









Figure 4. Fluorescent polymorphism and gene expression in A.millepora larvae from 
Ningaloo Reef. (A) Larvae show three categorical phenotypes: red (r), green 
(g) and a novel colour morph ‘mega-green’ (m). (B) Principal coordinate 
analysis based on Manhattan distances. Clusters are grouped by fluorescent 
phenotype, red, mega-green and green (pPERMANOVA=0.001). Green, black and 
red points represent light treatments, green light, darkness and red light, 
respectively. (C) Gene expression ± SE of known fluorescent proteins and 
non-fluorescent chromoprotein (CP) in colour morphs. (D) Proportions of 
color morphs among offspring of specific parental colonies. The numbers 
above bars indicate sample sizes- the number of larvae attributed to the 



















































































Figure 5: Gene expression profiles of larval colour morphs correlate to external datasets. 
(A) Clustered heatmap of KOG class (rows) enriched by differentially 
regulated genes in colour morphs and in external datasets (columns). 
Columns labeled ‘red’, ‘green’ and ‘megagreen’ represent this dataset. 
“Larvae.st” and “larvae.lt” correspond to larval responses to short-term (4 
hour) and long term (5-day) heat stress from (Meyer et al. 2011), 
respectively. “Tolerance” and “Adult.lt” correspond to larval heat tolerance 
and adult 3-day heat stress from (Dixon et al. 2015), respectively. “Dauer” 
corresponds to the C. elegans dauer dataset (Sinha et al. 2012) and 
“diapause” corresponds to diapause in the midge S mosellana (Gong et al. 
2013). The colour scale is delta-rank: the difference between mean rank of 
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 genes belonging to the KOG class and mean rank of all other genes (positive 
values indicate enrichment with up-regulated genes). Asterisks denote KOG 
classes significantly enriched with either up- or down-regulated genes 
(FDR=0.1). (B-D) Correlation of KOG delta-ranks between (B) larval heat 
tolerance and red larvae, (C) between S. mosellana diapause and red larvae, 
(D) between red larvae and green larvae and (E) between green larvae and 
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* MWU test corrected p-value. 
†nbinomTest, FDR determined through the EmpircalFDR package (includes unannotated genes) 
§Wald test contrast between green larvae only 
 
Table 1: Top significant gene ontology (GO) terms resulting from functional enrichment 











Chapter 3:  Molecular processes associated with larval development and 
competence in the reef-building coral Acropora millepora. 
ABSTRACT 
Molecular mechanisms underlying coral larval competence determine their 
dispersal potential and are potential targets of natural selection. Here, we profiled 
competence, fluorescence and genome-wide gene expression in embryos and larvae of 
the reef-building coral Acropora millepora daily throughout twelve days post-
fertilization. Gene expression associated with competence was positively correlated with 
transcriptomic response to the natural settlement cue, confirming that mature coral larvae 
are “primed” for settlement. Rise of competence through development was accompanied 
by up-regulation of sensory and signal transduction genes such as ion channels, genes 
involved in neuropeptide signaling, and G-protein coupled receptor (GPCRs). A drug 
screen targeting components of GPCR signaling pathways confirmed a role in larval 
settlement behavior and metamorphosis. These results gives insight into the molecular 
complexity underlying these transitions and reveals receptors and pathways that, if 
altered by changing environments, could affect dispersal capabilities of reef-building 
corals.  
INTRODUCTION 
Dispersal of the majority of large benthic marine invertebrate species relies on a 
distinct planktonic phase of the life cycle, typically sexually produced larvae, dispersed 
by ocean currents. Patterns and spatial scales of larval dispersal drive biogeographic 
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distributions, genetic connectivity and population and community dynamics (Cowen 
2007; Gaines et al. 2007), and might play the key role in adaptation of metapopulations 
to climate change via genetic rescue (Dixon et al. 2015). Quantifying the extent and 
spatial scale of marine larval dispersal are critical for designing effective management 
strategies (Cowen & Sponaugle 2009). Larval dispersal relies on physical oceanographic 
processes and intrinsic biological traits (Cowen & Sponaugle 2009), the most important 
of the latter being ‘competence’. Competence is the capacity of an individual to 
metamorphose in response to specific environmental cues where metamorphosis is the 
irreversible commitment to transition from a larval to juvenile stage (Hadfield et al. 2001; 
Bishop et al. 2006). Therefore being competent is a state in which a larva delays 
metamorphosis until the appropriate habitat selection cues are detected and is considered 
a form of developmental plasticity (Bishop et al. 2006). The onset and duration of larval 
competence can have dramatic effect on predicted species connectivity in the sea (Cowen 
2007; Connoly & Baird 2010; Wood et al. 2014). Competence dynamics can vary widely 
across phyla and species, but also between populations of the same species and between 
genetically distinct larval cohorts produced by different parents from the same population 
(Kinlan & Gaines 2003; Connoly & Baird 2010; Davies 2014; Davies et al. 2014). In 
addition, environmental factors such as temperature and turbidity can alter competence 
periods (Albright et al. 2010; Heyward & Negri 2010). Therefore, the biology of larval 
competence is quite complex and it is imperative to unravel the molecular mechanisms 
responsible for this critical developmental state.   
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For marine invertebrates with planktonic larvae, selection favors the ability of 
larvae to metamorphose quickly upon encountering a suitable environmental cue. 
Therefore larvae must gain molecular characteristics to enable rapid and efficient 
transition from cue detection to completion of metamorphosis, in other words, become 
‘primed’ for metamorphosis (Hadfield 2000). Mechanistic underpinnings of larval 
competence and molecular signatures of ‘priming’ have been examined in marine 
invertebrate taxa including ascidians, mollusks, annelids and sponges (reviewed in: 
Hadfield et al. 2001; Jackson et al. 2002). For example, spatial and temporal gene 
expression variation between pre-competent and competent larvae of the ascidian 
Herdmania curvata and the mollusk Haliotis asinine illustrate the molecular differences 
between these two states (Hinman & Degnan 2001; Jackson et al. 2005). In reef-building 
coral larvae, competence can be maintained for >100 days (Davies et al 2017), however 
the existence of ‘priming’ and the molecular components that govern the 
developmentally plastic state of competence have not been elucidated.  
Competent coral larvae exhibit settlement behaviors prior to metamorphosis that 
include larval elongation, switching from swimming to crawling, and aboral attachment 
to the substrate (Fadlallah 1983; Harrison & Wallace 1990). Coral larval settlement and 
metamorphosis is modulated by a diverse suite of exogenous cues including crustose 
coralline algae (CCA) cell wall associated compounds (Heyward & Negri 1999; Tebben 
et al. 2015), light intensity (Lewis 1974; Maida et al. 1994; Mundy & Babcock 1998), 
light color (Strader et al. 2015), substrate texture and orientation (Petersen et al. 2005; 
Davies et al. 2013a), biofilms (Baird et al. 2003; Petersen et al. 2004; Birrell et al. 2008), 
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and temperature (Winkler et al. 2015). The chemical composition of these cues and the 
larval neurochemical and physiological mechanisms that results in morphological and 
behavioral responses to these cues remain poorly understood. Certain chemicals, most 
notably the neuromediator GLW-amide (Iwao et al. 2002) and the bacterial metabolite 
tetrabromopyrrole (Siboni et al. 2012), have been used to induce metamorphosis in larvae 
in the water column without attachment to the substrate. This implies that metamorphosis 
can be decoupled from behavioral and morphological changes associated with natural 
settlement process (Fadlallah 1983; Harrison & Wallace 1990; Iwao et al. 2002). Meyer 
et al. (2011) examined gene expression in coral larvae after exposure either to natural cue 
(CCA) or to chemical metamorphosis inducer (GLW-amide). Here, we revisited these 
datasets to determine whether genes regulated during settlement are also associated with 
competence prior to exposure to the cue, which would confirm the “priming” hypothesis 
(Hadfield et al. 2001). 
Previous work on genome-wide gene expression in early life stages of anthozoans 
concentrated on specific developmental transitions: either embryonic development from 
zygote to planula (Helm et al. 2013; Reyes-Bermudez et al. 2016) or metamorphosis 
from planula into polyp (Grasso et al. 2008, 2011; Meyer et al. 2011). Other studies have 
focused on identifying molecular pathways involved in calcification, particularly on the 
role of carbonic anhydrases (Grasso et al. 2011; Hayward et al. 2011), galaxins (Reyes-
Bermudez et al. 2009) and coral acid rich proteins (Mass et al. 2015). In this study, we 
explore developmental gene expression and relate it to competence in Acropora 
millepora, a reef-building coral that produces positively buoyant, lecitotrophic, and 
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fluorescent larvae that are capable of long-distance dispersal due to an extended 
competence period. We complement the gene expression study with a pharmacological 
screen using drugs targeting candidate signaling pathways. Finally, we explore inter-
relationships of gene expression and competency with larval fluorescence, a poorly 
understood trait that has been previously associated with differential capacity to respond 
to settlement cue (Kenkel 2011, Strader 2015) and physiological state potentially 
facilitating long-range dispersal (Strader 2016). Overall, our study elucidates molecular 
components that underpin larval competence, a key biological trait influencing the scale 
of genetic connectivity in coral meta-populations. 
METHODS 
Field collections and larval rearing 
Larvae were obtained by crossing three Acropora millepora colonies from 
Orpheus Island and three colonies from Wilkie reef, which were collected in the week 
prior to spawning in November 2013 and were maintained in raceways at the Orpheus 
Island Research Station, Queensland, Australia. Once the presence of egg-sperm bundles 
was visible in the polyps, each colony was isolated in a plastic bin. All six colonies 
naturally spawned egg-sperm bundles at 9PM on November 20. Gametes from each 
colony were combined for a bulk fertilization that proceeded  ~2 hours until the first 
cleavage was confirmed using a dissecting microscope. Embryo densities were counted 
and five replicate 3L cultures (A-E) were stocked with a density of 0.5 embryos mL-1 in 
filtered sea water (FSW). Immediately after, 30 embryos per culture were collected in 
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~100uL FSW and flash frozen in liquid nitrogen for gene expression analysis. In the 
subsequent days, embryos and larvae were collected at 22 hours post fertilization (hpf), 
46 hpf, 73 hpf, 89 hpf and then every 24 hours until 12 days post fertilization for gene 
expression. It is important to note that gene expression samples were of larvae never 
exposed to settlement cue but sampled straight from the culture. Beginning at 73 hpf, 
separate subsets of larvae were also sampled for competence trials and fluorescent 
imaging. Beginning 2 days post fertilization (dpf) the cultures were gently aerated. The 
water in the cultures was changed once a day on days 1 and 2 and every other day 
afterwards. Water changes were accomplished as follows. A culture was gently poured 
out of its jar into a half-submerged 100mm-wide PVC cylinder with 150 uM mesh at the 
bottom, to concentrate the larvae in about 100 ml of water retained within the cylinder. 
Then, the culture jar was wiped and rinsed in hot (45C) freshwater to clean it from lipid 
and mucus residue, rinsed with FSW, and refilled with FSW. Then, the sieve-bottom 
cylinder was lifted out of the water, quickly transferred to the jar and rolled to re-suspend 
the larvae. This procedure results in 100% water change and thorough cleaning of the 
culture vessel and is associated with minimal larval loss.  
The cultures were maintained on 12:12 light-dark cycle until day 5; days 6-9 were 
in constant dark for a technical reason; on day 10 the cultures were transferred to another 
room and back onto the 12:12 light-dark cycle. This unintended variation could have 
been the reason for the unusual double-peak competence profile observed in our cultures. 
 59 
Larval trait measurements 
Competence trials were set up to measure the proportion of larvae that 
metamorphose in response to a known settlement cue at each dpf. The settlement cue was 
prepared from the locally collected crustose coralline alga (CCA) Porolython oncodes, 
previously shown to elicit robust settlement behavior in A. millepora (Heyward & Negri 
1999; Davies et al. 2014). The alga was finely ground with a mortar and pestle, washed 
with FSW several times, autoclaved, and the resulting fine slurry was stored at 4°C in 
FSW. Larval competence trials were set up in 24-well plates and began 3 dpf and new 
trials were set up every 24 hours with a new subset of larvae from each culture replicate. 
Fifteen larvae from each culture replicate were added to a well in 2.5mL FSW (n=4 
replicates/culture). A single drop of the CCA slurry was added to each well. The plates 
were kept in the dark for 48 hours, after which the larvae were scored as metamorphosed 
or not by the presence/absence of mesenteries using a dissecting microscope. 
Larval fluorescence was assessed using photographs taken with a fluorescent 
stereomicroscope MZ-FL-III (Leica, Bannockburn, IL, USA) equipped with F/R double-
bandpass filter (Chromano. 51004v2) as in (Kenkel et al. 2011; Strader et al. 2015). 
Approximately 30 larvae from each culture replicate were sampled per time point. The 
majority of FSW was removed to concentrate the larvae and they were killed with a drop 
of 4% paraformaldehyde in FSW to prevent swimming. Individual larval color 
measurements (RGB values) were calculated in ImageJ and normalized against the 
background as in (Kenkel et al. 2011; Strader et al. 2015). 
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TagSeq library preparation, sequencing and read processing 
Total RNA was extracted from 48 samples (4 culture replicates * 12 sampling 
time points) using RNAqueous kit (Ambion) according to manufacturer’s instructions. 
RNA quality was ascertained using gel electrophoresis by confirming the presence of 
ribosomal RNA bands, and 300-500ng of RNA was used to create libraries as in (Meyer 
et al. 2011), adapted for sequencing on the the Illumina Hi-Seq (Dixon et al. 2015; 
Strader et al. 2016). In brief, heat-sheared total RNA was transcribed into first-strand 
cDNA flanked by PCR primer sequences using oligo-dT containing primer, template-
switching oligo (Matz et al. 1999), and SmartScribe reverse transcriptase (Clontech). The 
cDNA was PCR-amplified and Illumina barcodes were added with a secondary short 
PCR. Samples were equalized, pooled and size-selected prior to sequencing. After 
sequencing, reads were adaptor-trimmed, quality filtered and deduplicated prior to 
mapping to the A. millepora transcriptome (Moya et al. 2012; Dixon et al. 2015) using 
Bowtie2 (Langmead & Salzberg 2012). A per-sample counts file was generated using a 
custom perl script that sums up reads for all isoforms of a gene while discarding reads 
mapping to more than one gene. Detailed protocol of the library preparation and 
bioinformatics can be found at https://github.com/z0on/tag-based_RNAseq. 
Gene expression analysis 
All analyses were performed in the R environment (R3.1.2). Genes with mean 
count less than ten across all samples were removed. Size factors and dispersion 
estimates were determined using DESeq2 and normalized counts data were regularized-
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log-transformed using the rlog function (Love et al. 2014a). These transformed counts 
were used to broadly characterize differences in gene expression through development 
using a principal coordinate analysis based on Manhattan distances with the package 
adegenet (Jombart 2008). Significance was assessed using the multivariate analysis of 
variance function, adonis, in the vegan package (Dixon 2003).  
Transformed counts were also used for Weighted Gene Co-expression Network 
Analysis (WGCNA, (Langfelder & Horvath 2008)) to identify co-regulated groups of 
genes (modules) and explore their correlation with larval traits and developmental time. 
The signed adjacency matrix was calculated using a soft threshold power of 14 and 
minimum module size set to 30. Modules whose eigengene expression was correlated at 
Pearson’s R>0.9 were merged. Eigengenes of resulting modules were examined for 
correlation with categorical (sampling day) and quantitative traits (competence, day post 
fertilization, red and green values calculated from image analysis). Modules were 
characterized by Gene Ontology (GO) enrichment using a Fisher’s exact test 
implemented using the GO_MWU package (Wright et al. 2015), The package and 
instructions are available at https://github.com/z0on/GO_MWU. 
To identify genes associated with competence we used two models in DESeq2 
(Love et al. 2014a). It is important to clarify that gene expression was measured in larvae 
that were never exposed to a settlement cue but were sampled at the same time and from 
the same culture vessels as the group of larvae that were sampled for the settlement assay. 
We then used the competence data to inform our gene expression models to identify 
genes that were associated with competence regardless of developmental time. The 
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‘continuous’ model captured genes associated with competence variation post day 6 and 
included loess-predicted competence (the same value for all cultures on a given day) as a 
continuous predictor variable. The ‘discrete’ model exploited the double-mode feature 
observed in the competence profile after day 7: it compared gene expression on days 8 
and 11 (competence peaks) with days 10 and 12 (competence dips). The p-values were 
obtained using a Wald test in DESeq2 and the 10% false discovery rate threshold was 
calculated using independent filtering procedure incorporated into DESeq2 pipeline 
(Love et al. 2014a). Gene Ontology enrichment was performed using the stat value 
output from DESeq2 as the measure of interest and a Mann Whitney U test (details can 
be found at https://github.com/z0on/GO_MWU).   
Neuropharmacological Screen 
In order to functionally test the effect of specific genes and gene families on 
settlement we employed a targeted drug screen. Two functional groups of genes, ‘G-
protein coupled receptor signaling pathway’ and ‘sensory perception’, were significantly 
enriched in the turquoise module in WGCNA analysis, the module most significantly 
correlated with competence, fluorescence and dpf. Components of G-protein coupled 
receptor signaling pathways and sensory receptors were targeted by drugs. Gpp[NH]p 
and GDP-β-S activate and inhibit G-proteins, respectively while forskolin activates 
adenylate cyclase, a downstream component of G-protein coupled signaling pathways. A 
metabotropic glutamate receptor, GABAB receptors and an FGF receptor are found in the 
turquoise module and associated with the GO terms ‘sensory perception’ and ‘receptor’. 
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L-glutamic acid and DL-2-Amino-3-phosphonopropionic acid are antagonists and 
agonists, respectively, of metabotropic glutamate receptors, which are broadly involved 
in sensory perception and have been shown to play a role in nervous system functioning, 
tentacle movement and chemotaxis, in cnidarians (Bellis et al. 1991; Kass-Simon & 
Scappaticci 2004; Kay & Kass-Simon 2009). Phaclofen was used as an antagonist of 
GABAB receptors and Su5402 was used to block FGFR1 receptors (Bowery 1993; 
Rentzsch et al. 2008). Both of these types of receptors are involved in metamorphosis in 
other invertebrate taxa (Morse et al. 1980; Rahmani & Ueharai 2001; García-Lavandeira 
et al. 2005; Rentzsch et al. 2008).   
For the drug screen a new series of larval cultures was reared in December 2015 
at the Australian Institute for Marine Sciences, Queensland Australia, following the 
procedures described above. Initial screens tested 3 different concentrations of each drug 
(Table A6). At 5dpf, the highest concentration of each drug where larval mortality was 
<50% was chosen for the settlement experiment. Twenty larvae in 10mL FSW were 
added to wells in a 6 well plate (n=5 wells/drug) and drugs were randomized between 
wells and plates. In this experiment, a drop of freshly collected and finely ground CCA, 
prepared as described previously, was pipetted to each well directly after addition of each 
drug. Plates were incubated at 28°C for 19 hours, after which the proportion of larvae that 
went through metamorphosis was scored blindly by a researcher unaware of the drug 
treatments.  
Significance of drug treatment on metamorphosis was examined using the R 
package MCMCglmm (Hadfield 2010) using binomial models associating counts of 
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metamorphosed and swimming larvae with fixed effect of drug/control, treating 
individual wells as replicates. MCMC chains were run for 55,000 iterations, discarding 
the first 5000 and storing every 50th iteration. 
RESULTS 
Larval competence through time 
Larvae began to acquire competence at four days post-fertilization (dpf), which is 
typical for A. millepora (Heyward & Negri 1999). Larval competence increased each day 
post fertilization and >50% competence was achieved 7 dpf (Figure 6A). Interestingly, a 
reduction in the proportion of metamorphosed larvae was observed on days 9 and 10 dpf. 
Competence then increased again on day 11 and dipped lower on the final day measured 
(12dpf) (Figure 6A). The possible reason for this unusual competence profile was the 
unintended variation in light-dark cycle (constant dark on days 7-9, which happened for 
technical reasons) and/or moving the cultures to another room on day 10, however 
numerous other unknown factors may have caused this brief reduction in competence. 
Regardless, this double-peak competence profile presented an opportunity to disentangle 
competence increase from larval age when analyzing gene expression.   
Sequencing results 
TagSeq yielded >200 million total raw reads, an average of 4,167,856 reads per 
sample (four biological replicates per time point). Quality filtering and PCR duplicate 
removal resulted in an average of 1,506,151 reads per sample. Trimmed deduplicated 
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reads were mapped to the Acropora millepora transcriptome (Moya et al. 2012; Dixon et 
al. 2015) with 77.9% average mapping efficiency. Mapped reads were converted to 
unique transcript counts averaging 808,300 counts per sample representing a total of 
43,483 genes.   
Developmental gene expression 
Count data was subset by removing genes with mean count less than ten across all 
samples, retaining 11,471 genes. Principal coordinate analysis revealed significant 
differences in global gene expression by dpf (p=0.001) with principal coordinates 1, 2 & 
3 explaining 54.7%, 15.5% and 6.3% of the variation, respectively (Figures 7A & B). 
WGCNA grouped the 11,471 genes into 21 gene co-expression modules after merging 
modules with module eigengene correlations exceeding 0.9 (Figure 7C). Interestingly, 
many modules also show a two-day periodicity post day 2 that presumably reflects our 
water-changing schedule, most prominently the darkturquoise module. 
The 21 modules grouped into three distinct clusters (Figure 7C). The first cluster 
peaks at day 0 (modules cyan, grey60, salmon, blue & brown) (Figures 7C & 8). This 
time point was sampled during early cell division (~4-8 cell stage) likely prior to the 
maternal-zygotic transition and thus comprises mostly maternal mRNAs. The brown 
module is the most significantly positively correlated with this developmental time point 
and exhibits GO enrichment of ‘protein tyrosine kinase activity’. The cyan and grey60 
modules show enrichment for kinase activity [cyan module: ‘protein kinase activity’, 
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‘protein binding’ and ‘receptor binding’; grey60 module: ‘kinase activity’] (Table A5). 
The salmon module is enriched for DNA methylation genes (Table A5).   
The second cluster includes modules peaking on day 1, corresponding to the 
gastrula or ‘fat donut’ developmental stage (lightcyan, darkgreen, darkorange) (Figures 
7C, & 8) (Ball et al. 2002). This is the first sampled stage with likely predominantly 
zygotic transcription. The darkgreen and darkorange modules are uniquely positively 
correlated with day 1 and not for day 0 (Figure 7B). There are no significant GO 
enrichments in the darkgreen module, however the darkorange module is enriched for the 
GO terms ‘macromolecule biosynthetic process’, ‘RNA binding’, and ‘transcription 
factor complex’ (Table A5). Some modules within the second cluster also show 
significant negative correlations with day 0 (greenyellow, magenta, darkturquoise). The 
magenta and greenyellow modules are enriched with genes involved in cell proliferation 
and growth: [magenta module: ‘protein-DNA complex’, ‘cellular component assembly’ 
and ‘proteasome core complex’; greenyellow module: ‘macromolecule biosynthetic 
process’] (Figure 8, Table A5).  
Cluster 3 contains genes up-regulated post day 2. Pink and orange modules peak 
between days 2 and 5 followed by down-regulation in the subsequent days (Figures 7C & 
8). The developmental period between 2 and 5 days is where the spherical embryo stage 
becomes a swimming planula and the onset of competence occurs (Figure 6A). This 
developmental pattern shows a GO enrichment of ‘biomineral tissue development’, 
‘inorganic anion transport’, ‘triglyceride lipase activity’ and ‘calcium ion binding’, 
among others (Figre 8, Table A5).  Other modules reach their maximal expression post 
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day 5, after the completion of swimming planula development, showing a pattern of 
increased expression through time. Module with genes up- (grey60, darkgrey, royalblue, 
black, purple, turquoise and yellow) and down-regulated (salmon, blue, lightcyan, 
darkgreen, darkorange, darkturquoise and greenyellow) with respect to time, specifically 
as the planula matures, correlate strongly with all quantitative traits measured (red and 
green fluorescence and competence) (Figure 7C). The most significant of these modules 
are the lightcyan and turquoise modules (959 and 1551 genes, respectively), lightcyan 
diminishing and turquoise rising with larval age (Figure 8). The lightcyan module shows 
a GO enrichment for categories ‘RNA processing’, ‘cellular response to stress’ and 
‘mitochondrial part’, among others (Figure 8, Table A5). GO categories enriched in the 
turquoise module correspond to ion and ligand gated channels [‘gated channel activity’, 
‘ligand gated ion channel activity’], signaling pathways [‘G-protein coupled receptor 
signaling pathway’, ‘signal transducer activity’], ion transport [‘potassium ion transport’, 
‘cation transport’], cell-cell communication [‘plasma membrane part’, ‘cell 
communication’], receptors [‘sensory perception’, ‘acetylcholine receptor activity’], 
synapses [‘neuropeptide signaling pathway’, ‘synapse part’, ‘post-synaptic membrane’] 
and trypsin [‘trypsin activity’, ‘proteolysis’], among others (Figure 8, Table A5). 
Morphological and behavioral responses to neuropharmacological agents 
The turquoise module showed GO enrichment for ‘sensory perception’ and 
‘receptor’ (Figure 9A). Candidate genes and pathways corresponding to these GO terms 
were chosen for a neuropharmacological screen (Figure 9A). The G-protein activator 
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Gpp[NH]p was predicted to induce metamorphosis while the G-protein inhibitor GDP-β-
S was predicted to inhibit metamorphosis. We found that GDP-β-S significantly reduced 
the likelihood of metamorphosis (pmcmc=0.002) (Figure 9B), reducing the proportion of 
metamorphosed larvae from ~100% to ~70%, while Gpp[NH]p did not significantly alter 
the proportion of metamorphosis (pmcmc=0.089) (Figure 9B). Forskolin, an adenylate 
cyclase activator, resulted in continuous rapid swimming and completely abolished the 
ability to metamorphose when exposed to a settlement cue (pmcmc<0.001) (Figure 9B). 
The GABAB antagonist, Phaclofen, did not significantly reduce the proportion of 
metamorphosis in fully competent larvae, contrary to our hypothesis (pmcmc=0.13) 
(Figure 9C). DL-2-Amino-3-phosphonopropionic acid (DL-2-A-3P), an antagonist of 
mGlu receptors, showed a significant reduction in the proportion of metamorphosis in 
fully competent larvae (pmcmc=0.006) (Figure 9D). Finally, an antagonist of the FGFR1 
receptor, Su5402 showed a complete reduction in the ability to metamorphose when 
exposed to a settlement cue (pmcmc=0.006) (Figure 9E). 
Competence-associated genes 
To find genes associated with competence regardless of dpf, we generated two 
different models. The “continuous” model used loess-derived competence as a 
continuous predictor variable and analyzed samples from day 6 onward, exploiting the 
sinusoidal variation in late competence (Figure 10A). This model identified 39 DEGs 
passing 10% FDR threshold: 5 up-regulated (one of them a G-protein coupled receptor 
(GPCR)) and 34 down-regulated, including two Ras-related GTPases (Table A5). Still, 
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rank-based gene ontology analysis highlighted 22 GO categories passing 10% FDR, with 
most prominent signals being up-regulation of protein kinases and voltage-gated calcium 
channels and down-regulation of ribosomal proteins and small GTPases (Figure 11A). 
The gene expression z-scores of the continuous model were significantly positively 
correlated with z-scores of gene expression change in response to the natural settlement 
cue (CCA) (Meyer et al. 2011) and less strongly but still significantly with z-scores in 
response to metamorphosis-inducing chemical (GLW-amide) (Figure 11B, C). 
 The “discrete” model compared gene expression at competence peaks (days 8 and 
11) with competence dips (days 10 and 12) and generated a longer list of DEGs at 10% 
FDR (62 up-regulated and 58 down-regulated). We identified a group of tightly co-
regulated genes potentially associated with high competence (in addition to the GPCR 
gene from the continuous model) (Figure A12). Three of them contain “zona pellucida” 
domains (the two most highly expressed of these genes, which we denoted ZPm and 
egf2ZPm, also contained C-terminal transmembrane anchors) and a meprin-like protease 
potentially involved in recycling of membrane-anchored proteins (Figure 10B). The 
candidate genes down-regulated at high competence largely overlapped between the 
continuous and discrete models and also involved a group of highly expressed co-
regulated genes (Figure 10C), although there was no apparent functional connection 
between them. 
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Fluorescence and expression of fluorescent protein genes 
Larval fluorescence, a trait previously associated with competence (Kenkel et al. 
2011), increased through development as well (Figure 12A). Larvae become fluorescent 
beginning on day 3 and appear mostly red (Figure 12A & B). As they develop, both red 
and green intensity increase in a similar pattern as settlement competence, however green 
intensity is slightly delayed compared to red intensity. Red fluorescence begins to 
decrease 11 dpf whereas green fluorescence did not. Red fluorescent protein (RFP) shows 
the strongest increase in transcription between day 2 and 3 when it becomes one of the 
most abundantly expressed genes in the larva (Figure A13), and decreases in expression 
once larvae become competent (Figure 12B). Expression of green fluorescent protein 
increases more gradually and shows the strongest correlation with competence compared 
to other fluorescent proteins (FPs) (Figure 12B). Green fluorescence increased until day 8 
and remained relatively stable for the rest of the experiment (Figure 12B). 
DISCUSSION 
In contrast to previous studies of genome-wide developmental gene expression in 
Acropora (Grasso et al. 2008; Reyes-Bermudez et al. 2016), this study is the first to 
profile larval gene expression daily over an extended period of time and correlate it to 
dispersal related traits. This allowed us to characterize broad temporal patterns of gene 
expression during larval development, such as transitions from maternal to zygotic to 
post-developmental expression and including variation in expression associated with 
initial rise and subsequent variation in competence.  Additional evidence for involvement 
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of candidate competence-associated molecular pathways was obtained using a targeted 
drug screen. This combined approach allowed us to elucidate biological processes and 
groups of specific candidate genes likely involved in larval competence and settlement 
cue sensing, traits with vital importance for coral dispersal capabilities.  
Transcription in early developmental stages 
Modules within cluster 1 are highly significantly correlated with the earliest time 
point, which was sampled 3 hours post fertilization (hpf). These genes have high 
expression at the first time point and expression is rapidly decreased in the second time 
point (22 hpf) and subsequent time points (Figures 7C & 8). This pattern could be 
indicative of maternally derived transcripts that set up the developmental network that is 
foundational for zygotic transcription to build more complicated networks. Cnidarian 
maternal transcription networks, including transcription involved in the maternal-zygotic 
transition (MZT), have only been previously described in Nematostella vectensis and is 
reported to occur between the last blastula and gastrula stages, presumably between 7 and 
12 hpf (Helm et al. 2013). Our data corresponds with the timing suggested in (Helm et al. 
2013) and shows the largest transition in gene expression is between the first (4hpf) and 
second timepoint (22hpf) (Figures 7A), potentially spanning the MZT.  
The MZT is characterized by degradation of maternal transcript and the initiation 
of zygotic transcription (Schier 2007). The cyan and brown modules (Cluster 1) show an 
enrichment for protein tyrosine kinase binding and activity (Table A5). A closer look at 
the protein tyrosine kinase transcripts within the brown module reveals numerous MAP 
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kinases. Although MAP kinase signaling pathways are involved in various cellular 
processes, the major function of MAP kinases is controlling gene expression through 
transcriptional regulation (Yang et al. 2013). MAP kinases are typically targeted to the 
nucleus where they control chromatin structure (Yang et al. 2013). The gene expression 
signatures we see in early cell division in A. millepora could represent maternal 
machinery intended to suppress zygotic transcription during this early stage in 
development as zygotic genomes are typically silenced through mechanisms including 
chromatin-mediated repression (Schier 2007). Also, the key genes in the cyan module 
(showing correlation with the module eigengene, kME, exceeding 0.95) include many 
histone genes, further substantiating the major chromatin remodeling occurring during 
early cell division. However, it is possible that these early developmental gene expression 
signatures reflect early zygotic transcription and the massive DNA replication and 
remodeling occurring between the first two sampled time points as opposed to being 
strictly the change in maternal vs. zygotic derived transcription. In addition, protein 
kinases are major components of developmental pathways reported to be involved in axis 
formation during gastrulation in cnidarians such as FGF signaling (Matus et al. 2015). 
Therefore it’s likely the enrichment of this category reflects multiple cellular processes 
occurring during early cell division.  
 ‘DNA methylation’ and ‘DNA metabolic process’ GO terms are also enriched in 
the salmon module (Table A5). This suggests that mothers include transcripts for 
methylation machinery to ensure rapid methylation once development begins. The 
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enrichment of this term suggests epigenetic re-programming may be occurring, however 
further tests would be needed to validate this hypothesis.  
Genes within Cluster 2 include transcripts potentially associated with early 
zygotic transcription and late gastrulation. The darkgreen and darkorange modules show 
enrichment of GO categories ‘macromolecule biosynthetic process’, ‘RNA binding’ and 
‘transcription factor complex’. The greenyellow, magenta and darkturqoise modules are 
enriched with ‘translation initiation factor activity’, ‘cellular component assembly’, 
‘ATPase activity’ and multiple GO categories associated with metabolic processes and 
biosynthesis of small molecules, carbohydrates and organonitrogen compounds, among 
others. Therefore, early zygotic transcription involves the synthesis of building blocks it 
will need to complete further development. In addition, there is massive cell division 
occurring during this phase in development, thus necessitating synthesizing cellular 
components. 
Associations with developing competence: lipids, chaperones, and neurons 
In >70% of reef-building corals species, larvae remain positively buoyant during 
early development (Baird et al. 2009) and then adjust their vertical position in the water 
column either by sinking or actively swimming to the bottom (Szmant & Meadows 
2006). This change in vertical distribution is due to both the metabolism of lipids as well 
as the development of cilia that enable swimming behavior (Heyward 1987; Harii et al. 
2007, 2010). In our data, we see a negative correlation between gene expression 
signatures of lipid depletion and competence. GO enrichment in the pink module of 
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‘triglyceride lipase’ (Figure 8) and candidate competence gene triglyceride lipase-
cholesterol esterase (Table A5) suggest the rates of triglyceride lipid depletion and 
settlement competence are tightly connected. The main lipid reserves in coral larvae are 
wax esters which can comprise of 70-90% of lipids in Acropora larvae with triglycerides 
occurring an order of magnitude less (Harii et al. 2007, 2010; Graham et al. 2013). 
Triglycerides and wax esters are metabolized at very different rates: triglycerides are 
utilized quickly while wax esters are carefully regulated to allow for slow utilization (Lee 
et al. 2006). How lipid metabolism regulates buoyancy in marine zooplankton remains 
controversial, however it’s possible that different utilization rates may fine-tune the ratios 
of energetic lipid types and regulate buoyancy (Lee et al. 2006). The correlations 
between triglyceride metabolism, buoyancy and competence should be substantiated with 
future research.   
The depletion of molecular chaperones is also concomitant with rise in 
competence, as seen in GO enrichment in the ‘lightcyan’ module (Figure 9). Chaperone 
activity during development is typically associated with periods of high stress or with 
dormancy and diapause and not associated with periods of high cell division (Feder & 
Hofmann 1999). In broadcast spawning corals however, early embryogenesis takes place 
in sunlit/shallow waters, which is the period in development embryos are more 
susceptible to stress and may explain the unexpected high activity of molecular 
chaperones during this stage in development.  
The most highly correlated with the rise in competence is the turquoise module, 
enriched for ‘neuropeptide signaling pathway’, ‘voltage-gated ion activity’, ‘receptor 
 75 
activity’ and ‘synapse part’ (Table A5), reflecting increase in neurogenesis through time. 
Neurogenesis in anthozoan planula begins post-gastrulation, once the two germ layers 
have been established (Galliot et al. 2009) and ultimately results in the development of a 
nerve net, characterized by cells staining positive for RFamide and tyrosinated tubulin 
(Gröger & Schmid 2001; Hayward et al. 2001; Galliot et al. 2009). In Acropora, the 
larval nervous system develops asymmetrically, with sensory neurons expressing 
RFamide, PaxC and EMX concentrating in the aboral ectoderm (Miller & Ball 2000; 
Hayward et al. 2001). The aboral end of this highly regionalized nerve net serves as the 
main sensory structure implicated in detecting environmental cues in the selection of a 
suitable habitat for metamorphosis. The gradual rise in neuron-related transcripts along 
with competence late in development is likely to be associated with development of this 
structure. Future in situ hybridization studies should examine spatial expression of these 
transcripts to validate this hypothesis.  
Fluorescent proteins (FPs) 
Green and red larval fluorescence increases through time in parallel with 
competence (Figures 6B,C & 12A). Color of fluorescence (red:green ratio) also changes 
through time, which is seen both in image analysis as well as in expression of FP-coding 
genes, suggesting that different FP colors have different functions during larval 
development (Figure 12). Our results confirm the previously reported association 
between greener larval fluorescence and competence (Kenkel et al. 2011), although our 
results do not rule out the trivial explanation that greener fluorescence color might be 
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simply indicative of more advanced developmental stage. Still, FPs clearly play an 
important role in the biology of coral larvae, the foremost indication of which is the sheer 
magnitude of their expression: on days 3-7, which are the concluding days of larval 
development (Figure 12B), RFP becomes one of the most abundant transcripts (Figure 
A13). Larval FPs are unlikely to be involved in the detection of different spectra of light 
(Strader et al. 2015, 2016) but their expression has been shown to be responsive to 
various other environmental cues. Hyper-thermal stress in 10-day-old A. millepora larvae 
results in a down-regulation of dsRed-like FP, along with an increase in molecular 
chaperones (Rodriguez-Lanetty et al. 2009). UV stress in larvae of Orbicella faveolata 
results in an upregulation of a GFP-like chromoprotein (Aranda et al. 2011) while a cyan 
FP is differentially expressed during the initiation of symbiosis in larvae of the same 
species (Voolstra et al. 2009). Finally, bright red fluorescence in larvae of A. millepora 
from Western Australia correlates with elevated antioxidant capacity and cell cycle arrest, 
indicative of highly resistant diapause-like state potentially facilitating longer-range 
dispersal (Strader et al. 2016). It is important to note that A. millepora larvae lack algal 
symbionts and therefore all functions of larval FPs must be unrelated to photoprotection 
of algal photosynthetic apparatus, which has been suggested for adult corals (Salih et al. 
2000). 




Variation in competence in our cultures on days 6-12 (Figures 6A & 10A), which 
was likely due to unintended regime changes during larva rearing, presented a unique 
(albeit serendipitous) opportunity to disentangle competence-related gene expression 
from time-dependent changes. Overall, late competence-associated gene expression 
shows a significant positive correlation with gene expression in response to settlement 
and metamorphosis cues reported by (Meyer et al. 2011) (Figures 11B & C), indicating 
that the larvae are indeed “primed” for settlement sensu (Hadfield et al. 2001). It is 
notable that the correlation with the response to the natural settlement cue (CCA) is twice 
stronger compared to the response to the direct metamorphosis inducer (GLWa), 
indicating that the larvae are “primed” primarily for settlement behavior rather than for 
metamorphosis. 
GPCRs belong to a large family of cell surface receptors that transduce a broad variety of 
external signals including lipids, peptides, glycoproteins, light, calcium ions and amino 
acids, among others (reviewed in (Bai 2004)). GPCRs are often involved in signaling 
transduction associated with metamorphosis in marine invertebrate taxa including urchins 
(Amador-Cano et al. 2006), hydrozoans (Schneider & Leitz 1994) and barnacles (Clare et 
al. 1995; Clare 1996). However, GPCR signaling is not always associated with 
metamorphosis, as in Hydroides elegans (Holm et al. 1998). We have several indications 
in the gene expression data that late variation in competence might be driven by 
modulation in GPCR signaling. First, one of the top competence-associated candidate 
genes in both the ‘continuous’ and ‘discrete’ models is a GPCR (Figures 10B & A12). 
Second, gene ontology analysis of the ‘continuous’ model reveals a strong positive 
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association between late competence and expression of protein kinases and voltage-gated 
calcium channels, which could also be components of the GPCR signaling pathway 
(Figure 11A). Lastly, significant down-regulation of small GTPases at higher competence 
(Figure 11A) can also be interpreted as an indication of elevated GPCR signaling 
capacity, as diminished GTPases could result in increased GTP levels leading to higher 
proportion of GPCRs in the “on” state (Oldham & Hamm 2008). The prior evidence on 
the role of GPCR signaling in mediating cnidarian metamorphosis is mixed. (Tran & 
Hadfield 2012) found that GPCR signaling does not mediate settlement and 
metamorphosis in corals Pocillopora damicornis or Montipora capitata. Nevertheless, 
activation of a kinase C-like enzyme, a critical component of GPCR signaling pathway, 
leads to the closing of potassium channels and ultimately metamorphosis in Hydractinia 
(Leitz & Klingmann 1990) and Cassiopea (Hofmann et al. 1996).   
Additional candidate genes were suggested by the ‘discrete’ gene expression 
model, which compared gene expression at peak competence (days 8 and 11) with days 
when a dip in competence was observed (days 10 and 12). Unlike z-scores from the 
continuous model, the z-scores from the discrete model did not correlate with responses 
to CCA or GLWamide, and therefore we regarded this model’s results as purely 
exploratory to highlight potential candidate genes. We examined the discrete model 
DEGs (Figure A11) for groups of tightly co-regulated, highly expressed genes that also 
had diminished expression on day 9. Day 9 that was not used by the discrete model but 
had diminished competence, (Figure 10A). Genes that pass these criteria include three 
genes containing one or more “zona pellucida” (ZP) domains (Figure 10B). Two of these 
 79 
genes, which we annotated as ZPm and egf2ZPm, also encode a 3’-terminal membrane 
anchor, and egf2ZPm also contains two EGF domains in addition to the ZP domain, 
which makes it resemble the human protein uromodulin (Jovine et al. 2005). ZP domains 
are found in proteins responsible for binding and attachment to various extracellular 
structures, such as extracellular matrix or, in the case of uromodulin, bacteria (Jovine et 
al. 2005). This broad attachment function suggests that these proteins might be directly 
involved in cue sensing, which in coral larvae requires a physical contact with settlement 
substrate such as CCA or bacterial biofilm (Webster et al. 2004; Tebben et al. 2015). In 
addition to the putative ZP binding domain, this candidate contains EGF domains. EGF-
like signaling peptides play an important functional role in competence and are key 
regulators of metamorphosis in ascidians (Eri et al. 1999). Finally, also significant in the 
‘discrete model’ is a meprin-like protease, has expression that is highly correlated with 
the three ZP-containing proteins, which suggests it might be involved in recycling of the 
membrane-anchored ZP proteins (Jovine et al. 2005). Additional evidence (localization 
by immunihistochemistry and in situ hybridizaiton as well as gene knock-down) is 
needed to substantiate the role of these genes in larval behavior.   
The majority of the genes negatively associated with competence in the discrete 
model were also highlighted by the more robust continuous model (Figures A11 & A12). 
Some of the notable highly expressed and highly co-regulated (post day 6) genes are 
shown in Figure 10C. The names of these genes reflect the best-annotated BLASTX hit 
in the reference proteins database but should not be interpreted as a full functional 
analogy to the known proteins with the same name. Four of these five genes (discoidin, 
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attractin, laminin, and i21947, the latter showing no detectable homology) encode 
secreted proteins potentially involved in cell adhesion and/or extracellular matrix. 
Discoidin, attractin, and i21947 encode N-terminal signal peptides. Discoidin also 
encodes a discoidin domain, attractin has a C-terminal membrane anchor, and laminin 
encodes a partial laminin G domain (the coding sequence in the corresponding contig is 
incomplete).  
In addition to these extracellular candidates, we have one potential transcription 
factor encoding a basic leucine zipper DNA-binding domain (BZIP). BZIP transcription 
factors are said to be modulators of memory in bilaterians (Galliot et al. 2009), are 
involved in head regeneration in Hydra but are also highly expressed in neural 
progenitors, nematocytes and a variety of neural cells (Chera et al. 2007). In contrast to 
the extracellular candidates, BZIP shows higher expression on day 0 and days 3-5  
(Figure 10C), suggesting that it might be involved in embryonic development.  
Finally, ribosomal proteins are strongly negatively associated with variation in 
late competence (Figure 11A).  Ribosome production is a well-known signature of 
growth rate (Rudra & Warner 2004), and therefore this pattern suggests that peak 
competence is reached after the growth is complete. 
Effect of drugs modulating GPCR signaling 
Overall, our neuropharmacological screen supports the results of gene expression 
analysis suggesting a role of GPCR pathway in competence: we find that drugs inhibiting 
GPCR signaling suppresses settlement and metamorphosis (Figure 9B). Still, since 
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inhibiting G-proteins significantly inhibits settlement but only to ~70%, there are likely 
other signaling pathways working in concert with GPCRs to produce behavioral and 
morphological responses to settlement cues. Interestingly, inhibiting G-proteins also 
significantly alters the morphology of young juveniles and prevents recruits from 
developing skeleton, suggesting the role of GPCR signaling in morphological transitions 
during metamorphosis (Figure 9H). Forskolin, an adenylate cyclase activator, induces 
settlement and metamorphosis in barnacle cypris larvae (Clare et al. 1995) and was 
predicted to initiate settlement, but contrary to this expectation completely abolished it 
(Figure 9B). This result is consistent with previous studies in corals Pocillopora 
damicornis and Montipora capitata (Tran & Hadfield 2012). This effect, however, was 
most likely explained by the direct activation of larval ciliary swimming by cyclic AMP 
(Schmid et al. 2007): instead of responding to the settlement cue the forskolin-exposed 
larvae kept swimming at top speed without stopping or turning.  
Protein kinase C, another component of GPCR pathway, is an activator of 
metamorphosis in many invertebrates (Freeman & Ridgway 1990; Henning et al. 1996) 
and in our experiment protein kinases were up-regulated at high competence (Figure 
11A). A protein kinase C activator, TPA, induces metamorphosis in Red Sea octocoral 
planula (Henning et al. 1996) but interestingly it does not induce metamorphosis in A. 
millepora (Negri et al. 2001). Therefore the role of protein kinases in competence in A. 
millepora will require further investigation.  
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Role of other receptors in larval competence 
“Receptor activity” is one of the significantly enriched GO categories within the 
turquoise module (Figure 9A, Table A5). It comprises multiple genes the expression of 
which, like the whole turquoise module, is associated with the rise of competence as the 
larvae age (Figure 9A) and includes an FGF receptor. Blocking FGFR1 in fully 
competent larvae inhibits settlement behavior and metamorphosis when exposed to a 
settlement cue (Figure 9E), indicating that FGF signaling plays a critical role in 
competence and metamorphosis in A. millepora. In another anthozoan, Nematostella 
vectensis, FGF signaling is necessary for the development of the ciliated apical tuft 
(Rentzsch et al. 2008). Although FGF signaling has diverse conserved roles in early 
development, specifically neural induction and mesoderm formation during gastrulation 
(Matus et al. 2015), there appears to be a significant role of the FGF pathway in larval 
development. For example, FGF signaling is involved in the metamorphosis from planula 
to polyp (Rentzsch et al. 2008; Matus et al. 2015; Sinigaglia et al. 2015), plays a role in 
ciliagenesis in epithelial tissues (Neugebauer et al. 2009), and is involved in neurogenesis 
across metazoa (Matus et al. 2015). Although a role of FGF signaling in sensory cell 
development has not been fully substantiated in cnidarians (Watanabe et al. 2009), it is 
possible that the role of FGF signaling in anthozoans without an apical organ is the 
development of other sensory cells that are critical in detection of environmental stimulus 
prior to settlement. 
GABA is an inhibitory neurotransmitter in invertebrates and induces settlement in 
a number of marine invertebrate larvae (Morse et al. 1980; Rahmani & Ueharai 2001; 
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García-Lavandeira et al. 2005). The effects of GABA on settlement and metamorphosis 
in coral larvae have not been investigated. Despite the potential for GABAB receptors to 
modulate larval response to a settlement cue, our results show that Phaclofen, a GABAB 
antagonist does not inhibit metamorphosis. However, once metamorphosis occurred the 
morphology of the juveniles was altered, with minimal definition between the septa and a 
reduced skeletal morphology (Figure 9I). This suggests that although GABAB receptors 
do not affect the likelihood of settlement and metamorphosis, they are critical for the 
proper formation of juvenile morphology.  
There is also an increase in a metabotropic glutamate receptor (mGluRs) through 
time in the turquoise module (Figure 9A), and we see that an antagonist of mGluR DL-2-
A-3P suppresses metamorphosis (Figure 9C). Glutamate is a fast excitatory 
neurotransmitter that is involved in feeding activity, nematocyst discharge and regulating 
pacemaker activity when activating ionotropic glutamate receptors in Hydra (Kass-Simon 
et al. 2003; Pierobon et al. 2004; Scappaticci & Kass-Simon 2008). Studies in vertebrate 
models show variable consequences of mGluR activation including synaptic plasticity, 
neuronal development, neuronal death and spatial learning, among others (reviewed in 
(Pin & Duvoisin 1995)). Since mGluR was never reported to be involved in 
chemosensory processes (such as directly sensing the settlement cue) it is likely that its 
antagonist suppresses metamorphosis by affecting neural transmission. 
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Potential impacts of environmental change on coral larval competence  
Environmental changes altering larval physiology will have far reaching impacts 
on dispersal patterns in the sea (reviewed in (Munday et al. 2009)). Our results provide a 
toolkit for examining how changing environments can impact larval development and 
physiology. For example, we show that expression of molecular chaperones is 
significantly negatively correlated with competence (Figure 7B, 8, Table A5). This 
implies that if mature larvae endure temperature stress that induces expression of 
molecular chaperones, this could inhibit the ability to settle and metamorphose. This 
effect has been seen in Acropora palmata and Favia fragum (Randall & Szmant 2009a; 
b), where settlement was significant decreased in mature larvae experiencing elevated 
temperature stress. This emphasizes the result that there appears to be a trade-off with 
expression of molecular chaperones and the ability to settle and metamorphose.  
The effects of ocean acidification (OA) have shown mixed effects on coral 
settlement, with lower pH reducing the levels of metamorphosis when exposed to cues in 
some species but not others (Albright et al. 2008; Albright & Langdon 2011; Nakamura 
et al. 2011). Although the effects on OA on coral settlement have been attributed mostly 
to indirect effects, such as shifts of microbial communities on settlement substrate and/or 
calcification of CCAs, there do appear to be some direct effects of shifting pH on larval 
physiology (Nakamura et al. 2011); the targets of these direct effects are unknown. Our 
data reveals that larval development and competence are strongly associated with 
increases in voltage gated ion channels and synaptic connections. Interestingly, lowered 
pH significantly dampens synaptic function, particularly the activity of voltage-gated 
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calcium channels, which is extremely dependent on pH (Sinning & Hübner 2013). Thus 



















Figure 6: Complex traits in early life stages of Acropora millepora. A. Competence in A. 
millepora larvae. Proportion of metamorphosis was measured in 4 replicate 
bulk cultures (A-D) from 3-12 days post fertilization (dpf) (N=4/culture 
replicate). B. Endogenous fluorescent variation in A. millepora larvae at 
5dpf due to expression of GFP-like fluorescent proteins. C. Fluorescent 
variation in A millepora juveniles post settlement and metamorphosis.  
 
  



























Figure 7. Variation in gene expression through development in A. millepora. A. Principal 
coordinate analysis of all genes shows clustering of each developmental 
time point (0-12 days post fertilization) spanning PCoA 1 & 2 (A) and 
PCoA 2 & 3 (B). (C) Weighted gene co-expression network analysis 
identifies groups of co-regulated genes (modules) designated by arbitrary 
colors (number of genes in each module noted in column). Scale is the 
average distance between inter-cluster pairs. Hierarchical clustering of 
module eigengenes reveals 3 main clusters of gene expression (1-3) among 
21 modules. Colored heatmap shows module-trait correlations with red and 
blue indicating positive and negative Pearson’s correlations, respectively 
(p<0.1 (*), p<0.05 (**), p<0.01 (***)). Day 0-12 columns are categorical, 
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Figure 8: Module eigengene expression across developmental time points and 
corresponding Gene Ontology (GO) analysis. The module eigengene is the 
first principal component of the module and represents the overall 
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10/403 protein tyrosine kinase activityMF
29/140 RNA metabolic process
20/68 RNA processing
23/110 DNA metabolic process
59/330 nucleobase-containing compound metabolic process
4/7 DNA replication initiation
52/247 nucleic acid metabolic process
18/60 chaperone-mediated protein folding
22/94 protein folding






8/41 inorganic anion transport
10/74 developmental process
10/25 biomineral tissue development
21/248 peptidase
5/17 oxidoreductase, acting on the aldehyde or oxo group of donors, etc
7/27 oxidoreductase, acting on paired donors, etc
6/9 procollagen-proline 4-dioxygenase
8/40 dioxygenase
23/230 calcium ion binding
5/10 triglyceride lipase
3/6 glucuronosyl-N-acetylgalactosaminyl-proteoglycan 4-beta-...









17/36 potassium ion transport
23/72 monovalent inorganic cation transport
25/79 metal ion transport
39/125 single-multicellular organism process
14/47 sensory perception
14/37 regulation of body fluid levels
13/45 single-organism developmental process
15/56 cell adhesion
25/91 cell surface receptor signaling pathway
45/248 signal transduction
18/55 G-protein coupled receptor signaling pathway
9/13 neuropeptide signaling pathway
8/15 organic hydroxy compound metabolic process











 is present or absent in each module) identified significantly enriched GO 
terms in each module. The size of the font indicates the significance of each 
term as noted in the inset. The fraction preceding the GO term is the number 
of genes annotated with a given GO term found within the module relative 
to the total number of such genes in the dataset. BP: biological process, MF: 





Figure 9: Candidate receptors and GCPR signaling pathways are associated with 
settlement, metamorphosis and juvenile morphology. A. Heatmap of genes  
Myosin phosphatase, regulatory subunit
Mucolipidin and related proteins (TRML subfamily)
Predicted seven transmembrane receptor - rhodopsin
GABA-B ion channel receptor subunit GABABR1
Non voltage-gated ion channels (DEG/ENaC family)
Non voltage-gated ion channels (DEG/ENaC family)
Non voltage-gated ion channels (DEG/ENaC family)
Glutamate-gated metabotropic ion channel receptor
Ankyrin repeat protein
GABA-B ion channel receptor subunit GABABR1
Receptor-activated Ca2+-permeable cation channels
Ankyrin repeat protein
Mucolipidin and related proteins (TRML subfamily)
Ca2+-modulated nonselective cation channel
Mitogen-activated protein kinase (MAPK) kinase
Ca2+/calmodulin-dependent protein kinase, EF-Hand
Smoothened and related G-protein-coupled receptors
Protein tyrosine phosphatase
Fibrillins and related proteins containing Ca2+
Fibrillins and related proteins containing Ca2+
Acetylcholine receptor
K+-channel ERG and related proteins
Smoothened and related G-protein-coupled receptors
Trypsin ; lysyl oxidase-like protein 2/3/4
Nerve growth factor receptor TRKA
Acetylcholine receptor
Muscarinic acetylcholine receptor 8
MEKK and related serine/threonine protein kinases
G protein-coupled receptors
Predicted membrane protein (patched superfamily)
Fibroblast/platelet-derived growth factor receptor
G protein-coupled receptors
Acetylcholine receptor
Translation initiation factor 2C (eIF-2C)
GABA-B ion channel receptor subunit GABABR1
Tyrosine kinase, EPH (ephrin) receptor family
Cadherin EGF LAG seven-pass G-type receptor




cAMP-dependent protein kinase types I and II
Calcium/calmodulin-dependent serine protein kinase
Fibrillins and related proteins containing Ca2+
Smoothened and related G-protein-coupled receptors
Smoothened and related G-protein-coupled receptors
Fibrillins and related proteins containing Ca2+
Fibroblast/platelet-derived growth factor receptor
GABA receptor
protein tyrosine phosphatase, receptor type, D
Protein tyrosine phosphatase
Ca2+-modulated nonselective cation channel
Trypsin
Fibroblast/platelet-derived growth factor receptor
Trypsin
Day Post Fertilization (dpf)







































































F. G. H.FSW Gpp[NH]p Phaclofen
*
 91 
 with specified GO annotations within the turquoise module, the module 
most significantly positively correlated with competence, developmental 
time and fluorescence. Rows are genes, columns are samples ordered by 
developmental time as noted in the bottom panel. Genes in bold were chosen 
to be further screened with neuropharmacological agents to test effect on 
settlement and metamorphosis. B. Proportion of metamorphosis in response 
to drugs impacting the G-protein coupled receptor signaling (GCPR) 
pathway. Gpp[NH]p activates G proteins and has no significant impact on 
settlement (pmcmc=0.089, [100μM], N=5). GDP-β-S inactivates G-proteins 
and significantly impacts settlement (pmcmc=0.002, [100μM], N=5). 
Forskolin activates adenylate cyclase and inhibits settlement (pmcmc<0.001, 
[10μM], N=5). C. Proportion of metamorphosis in response to agonist (L-
Glut) and antagonist (DL-2-A-3P) of metablotropic glutamate receptors 
(mGluRs). L-Glut shows an inhibitory effect on settlement (pmcmc=0.02, 
[500μM], N=5) while DL-2-A-3P further reduces settlement 
(pmcmc=0.006, [1000μM], N=5). D. Phaclofen, an antagonist of GABAB 
receptors does not impact settlement (pmcmc=0.13, [100μM], N=5) HCL 
control (pmcmc=0.358, [0.1M], N=5). E. Su5402 blocks FGFR1 and 
prevents settlement and metamorphosis (pmcmc=0.006, [20μM], N=5). 
Juvenile morphology when exposed to natural settlement cue (CCA) and 






Figure 10: Candidate genes associated with competency in A. millepora. A. log-odds of 
settlement. B. Candidate genes with positive correlations with log-odds of 
settlement from the ‘discrete’ model. C. Candidate genes with negative 

























































Figure 11: Gene expression analysis comparing samples from day 6-12, the ‘continuous’ 
model. A. Mann-Whitney U test was used to identify Gene Ontology (GO) 
enrichment in competency specific genes. Tan and cyan text corresponds to 
up- and down- regulated GO categories associated with ‘molecular 
function’. The size of the font indicates the level of significance, noted in 
the inset. B & C. Correlations between gene expression z-scores from this 
dataset compared with z-scores from Meyer et al 2011 gene expression 












Figure 12: Fluorescence through early development in A. millepora. A. Fluorescence 
intensity in larvae measured from image analysis. Each point represents the 
average normalized red or green color value from ~30 larvae from each 
culture replicate (A-E). B. Larval redness (red value/(red value+green 
value)) measured from image analysis. Each point represents the average 
redness value from ~30 larvae from each culture replicate (A-E). C. 
Expression of fluorescent protein genes through development.  
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Chapter 4:  CRISPR/Cas9-mediated genome editing in the reef-building 
coral Acropora millepora3 
ABSTRACT 
Reef-building corals create the three-dimensional space occupied by a broad array 
of marine species across the globe. Yet, these organisms live at the upper limit of their 
thermal tolerance and are currently threatened as a result of anthropogenic activities. 
Aiming to understand the genetic and physiological basis of resistance and tolerance to 
environmental stressors, genomic and transcriptomic studies have postulated a diverse 
array of molecular mechanisms that convey resistance and tolerance. Verification of these 
hypotheses remains a challenge, as most studies lack rigorous functional testing of 
candidate genes. Here, we demonstrate targeted gene editing via microinjections of 
CRISPR/cas9 ribonucleoprotein complexes into fertilized eggs of Acropora millepora. 
We observed coding sequence-changing deletions were observed in 36% of injected 
embryos, in which up to 40% of targeted gene copies were edited. Our result provides a 
methodology to utilize the CRISPR/Cas9 system to induce targeted gene mutations in a 
model reef-building coral, Acropora millepora. This tool enables, for the first time, direct 
testing of gene function in corals to help understand the molecular biology of this 
ecologically and evolutionary important group of animals. 
                                                
3 Strader MS and Cleves PA (co-author) equally contributed to the work presented in this Chapter   
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INTRODUCTION 
The field of ecological genomics has rapidly expanded in recent years, thanks to 
improvements in techniques to sequence massive amounts of genomic data in diverse 
taxa for relatively low cost. Our understanding of reef-building corals, ecologically 
important organisms highly threatened by climate change, has benefited greatly from this 
surge of genomic data (reviewed in (Barshis 2015). In particular, studies of gene 
expression in corals have improved our understanding of fundamental ecological and 
evolutionary processes such as local adaptation and plasticity, resilience to environmental 
changes, response to stress and symbiosis, to name a few (Meyer et al. 2011; Baumgarten 
et al. 2015; Dixon et al. 2015; Kenkel & Matz 2016). However, despite these advances, 
the molecular basis of physiological traits in corals remains hypothetical, because few 
options are available to directly test the link between a particular gene and phenotype. 
Thus far, hypotheses relied largely on homology to molecular pathways in better-studied 
organisms. To validate these conjectures, it is imperative to develop a functional genetic 
toolkit in corals. 
 Reverse genetic techniques have been successful in manipulating gene function in 
many organisms. CRISPR/cas9 has emerged as a particularly powerful genome-editing 
technology, which has facilitated genetic manipulations in a variety of organisms 
including generating loss-of-function mutants, tagging of proteins for cellular studies, and 
generation of large scale genomic restructurings and deletions (Ran et al. 2013; Tsuyoshi 
& Concordet 2016). In non-bilaterian animals, such as corals, this tool has been applied 
to so far only the model sea anemone Nematostella vectensis (Ikmi et al. 2014) via 
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CRISPR/cas9 microinjection. Microinjection into 1-cell zygotes is a powerful 
transformation method allowing for the introduction of transgenes at early developmental 
stages and is the most used method of delivery in marine animals (Tsuyoshi & Concordet 
2016). One of the main obstacles for applying this technique in corals is limited access to 
gametes to generate zygotes. The majority of reef-building corals are broadcast 
spawning, releasing gametes once a year cued by seasonal temperature and lunar cycle 
(Harrison et al. 1984; Baird et al. 2009; Keith et al. 2016). Still, there are established 
techniques for coral spawning, controlled fertilization and larval culturing in the 
laboratory, making access to recently-fertilized eggs possible, yet logistically challenging 
(Meyer et al. 2009). 
 We targeted three genes that are hypothesized to play a role in regulating larval 
behavior and physiology: a green fluorescent protein (GFP), a red fluorescent protein 
(RFP), and fibroblast growth factor 1a (FGF1a). GFP and RFP are multi-copy genes in A. 
millepora that are highly expressed in larvae and highly responsive to the environment 
(Alieva et al. 2008; D’Angelo et al. 2008, 2012; Meyer et al. 2011; Gittens et al. 2015). 
Because of GFP and RFP’s putative ecological relevance and visual conspicuousness in 
larvae, they are ideal candidate genes for functional tests. The third candidate gene, the 
extracellular FGF signaling ligand, FGF1a, was chosen because FGF signaling likely 
plays a role in sensing the environment and/or modulating gene expression during larval 
settlement and metamorphosis (Chapter 3) (Rentzsch et al. 2008).   
Our study expands the experimental toolkit for gene expression manipulation in 
corals (Yasuoka et al. 2016) and presents a proof-of-principle method for microinjection 
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of CRISPR/cas9 complexes in the model reef-building coral Acropora millepora. We 
demonstrate precise targeted genome editing of three genes with high efficiency in 
injected coral zygotes. We applied next-generation amplicon sequencing to estimate the 
mutation rate and quantify the spectrum of introduced mutations. We show that as much 
a 36% of the larvae can be mutated with a single injection and that multiple genes within 
a gene family can be disrupted using a single guide RNA. Together this study provides an 
important tool to generate loss-of-function mutations in reef-building corals to study gene 
function. 
 METHODS 
CRISPR/Cas9 design and single-guide (sgRNA) transcription 
Cas9 target sequences were identified with ChopChop or CCtop using default 
parameters (Montague et al. 2014; Stemmer et al. 2015). Putative target sequences were 
searched against the Acropora millepora transcriptome with BLAST using the 
comparative reef genomics database (Bhattacharya et al. 2016) to identify genomic 
targets that minimized potential off-target binding. Due to high sequence similarity 
within the FP gene family and the multicopy nature of FPs, targets were chosen that 
should bind and cut either multiple GFPs or RFPs in the Acropora millepora genome. 
 Two methods were employed to generate sgRNAs. First, annealed 
oligonucleotides encoding a target sgRNA sequence were cloned into a pDR274 vector to 
generate sgRNA in vitro transcription vectors (Hwang et al. 2013). For each sgRNA 
vector, two partially complementary oligonucleotides encoding a guide target sequence 
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were designed to generate 5’ and 3’ overhangs after annealing for directional cloning into 
the BSAI-digested pDR274 vector (see table A7 for primer sequences). After cloning, 
positive plasmids determined by T7 sequencing, were purified using the Qiagen Miniprep 
Kit. The resulting in vitro transcription vectors were linearized using NotI, and individual 
sgRNAs were transcribed using either the MEGAscript T7 Transcription Kit (Ambion) or 
the MEGAshortscript T7 Transcription Kit (Ambion), ethanol precipitated, and verified 
using gel electrophoresis. 
The second method bypassed the cloning of the sgRNAs, by designing constructs 
with T7 promoters upstream of the tracrRNA sequence and the crRNA backbone (Ran et 
al. 2013). These constructs were synthesized as a gBlocks synthetic gene fragment (IDT). 
Using the gBlocks as template, RNA was transcribed as above. There were no mutations 
derived from the gBlock guides when injected, which was most likely due to the fact that 
we erroneously incorporated the genomic PAM sequence into sgRNA. Because of this 
mistake, in this paper we only summarize the results obtained with the pDR274-derived 
guides. (Table A8). 
Cas9 protein:sgRNA in vitro digestion  
The sgRNAs generated from pDR274 were tested for biological function through 
in vitro digestion assays. Genomic fragments containing the CRISPR/Cas9 guide site 
were amplified from Acropora millepora genomic DNA (see supplemental table 1 for 
primer sequence). sgRNAs were complexed with Cas9 Nuclease, S. pyogenes (NEB) as 
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recommended by the manufacture, incubated overnight at 37°C with the purified PCR 
products, and assayed for digestion using gel electrophoresis. 
Acropora millepora collection and spawning 
In November 2016, gravid adult colonies of Acropora millepora were collected 
from two sites in the Great Barrier Reef and transported to the National Sea Simulator 
(SeaSim) located at the Australian Institute for Marine Science (AIMS). Colonies were 
placed outdoors in raceways under ambient temperature and water conditions to allow 
corals to be exposed to natural light conditions necessary for spawning. On November 
18th, 2016, six colonies finished spawned at 2130hrs and egg-sperm bundles from each 
individual were collected. Gametes bundles from each individual were broken up using 
gentle washing in 100uM mesh sieves. Sperm from the six individuals were pooled and 
diluted to a concentration of ~10-6 sperm mL-2. One batch of bulk fertilizations (all six 
genotypes) began at 2200hrs and identical fertilizations were set up every 30 minutes 
with the last batch fertilization beginning at 0hrs. These staggered fertilizations were to 
allow more time for microinjection before cleavage. For each batch fertilization, eggs and 
sperm were allowed to fertilize at an ambient temperature of 27°C for 15 minutes and 
were then moved to a 24°C room for microinjection. The following evening, November 
19th, 2016, gamete bundles were collected from four different individuals. Gamete bundle 
washing and fertilizations were set up exactly as in the previous day. 
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Microinjection of Acropora millepora eggs 
Microinjections into newly fertilized eggs prior to the first cleavage (~30-60 min 
post-fertilization) were performed using a Femtojet 4i Microinjector and a TransferMan 
4r Micromanipulator (Eppendorf). For each injection, 2 (RFP and FGF) or 3 (GFP) 
gRNAs were co-injected as cocktail of ribonucleoprotein complexes that were complexed 
separately then pooled. To complex each sgRNA to Cas9 protein, equal volumes of 3 
ug/ul Alt-R S.p. Cas9 Nuclease 3NLS (IDT) diluted with Cas9 working buffer (20 mM 
HEPES, 150 mM KCl, pH=7.5) and 1.5 ug/ul gRNA were mixed and incubated at 37°C 
for 15 min. After the incubation, equal volumes of each ribonucleoprotein complex and 
an additional volume Cas9 working buffer were mixed with .5-1ul of 0.5% phenol red as 
an injection indicator. The newly fertilized eggs were placed on a 35 mm petri dish and 
positioned against a glass capillary in as small amount of H20 as possible for injections 
(similar to Yasuoka et al. 2016). Before each injection, each needle (1um Eppendorf 
Femtotips Microinjection Capillary Tips) was calibrated by placing the tip in a small 
volume of water adjusting the backpressure until a gentle stream of injection mix free-
flows from the tip. Approximately 400-700 pl of injection mix was injected into each 
fertilized egg. For the no-guide RNA control injections, the complexing and injection 
steps were performed as above, where the sgRNA was replaced with milliQ H2O. 
Amplicon sequencing of CRISPR/Cas9 targets 
DNA from individual injected larvae was extracted using an RNAqueous-micro 
total RNA extraction kit (Ambion). Larvae were incubated on ice in lysis buffer for 15 
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minutes prior to tissue disruption induced by back pipetting using a cut-off pipet tip. 
Extractions resulted in 140-300ng of nucleic acid per individual larva. For amplicon 
sequencing, 10 individuals injected with all three GFP guides (sacrificed 7 dpf) and 12 
individuals injected with both FGF guides (sacrificed 3dpf) were extracted. DNA from 
six control larvae injected only with Cas9 protein was also extracted to amplify these two 
genes. Illumina 3-ILL (5’ACGTGTGCTCTTCCGATCTAA) or 5-ILL 
(5’CTACACGACGCTCTTCCGATCT) adaptors were added to the 5’ end of gene 
specific primers (Supplemental table 1). PCR using these primers was performed under 
the following conditions- 95°C: 5mins, (95°C: 40sec, 61°C: 1min, 72°C: 1min) X 4 
cycles + (95°C: 40sec, 68°C: 1min, 72°C: 1min) X 19-21 cycles depending on the gene. 
Single products of appropriate size were validated using gel electrophoresis and diluted 
for further PCR. Individual barcoding PCRs were performed using Illumina barcodes 
with PCRs conditions- 95°C: 5mins, (95°C: 40sec, 58°C: 30sec, 68°C: 30sec) X10 
cycles. Products were verified using gel electrophoresis and samples were quantified by 
fluorometry using PicoGreen (Life Technologies) as in https://github.com/z0on/tag-
based_RNAseq. Barcoded samples were pooled, normalized to 10nM, and sequenced on 
the Illumina MiSeq at the Genomic Sequencing and Analysis Facility at the University of 
Texas at Austin. 
Analysis of Amplicon Sequences 
Paired-end MiSeq reads were trimmed for quality (-q 35) using cutadapt (Martin 
2011). Insertions and deletions generated by the CRISPR/Cas9 injections were identified 
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using the software CRISPResso (Pinello et al. 2016). CRISPResso merges paired-end 
sequences, aligns them to a reference amplicon sequence, and quantifies the number of 
reads with non-homologous end joining (NHEJ). Output from this software includes the 
frequency of NHEJ indels within each sequenced individual, the frequency of different 
indel sizes, and the position in which indels were found along the amplicon. The software 
was run using optional parameters to specify a 75bp minimum paired-end read overlap 
for read merging, a 1bp window to quantify indels around the predicted cleavage site, 
excludes substitutions, and trims 15bp from either end of the read, which is likely adaptor 
contamination. Substitutions were excluded to limit the search window, restricting the 
mutation analysis to indels that are most likely derived from Crispr/Cas9 directed cutting 
and to limit false-positives resulting from PCR/sequencing error and genomic 
polymorphism. As an additional filter, indels supported by <5 reads were discarded and 
presumed to be due to sequencing error. 
GFP is present in multiple copies in the genome (Gittens et al. 2015) and allelic 
diversity is likely present, as the eggs were obtained from crosses between 6 genotypes. 
The most prevalent allele in the MiSeq reads was used as the reference amplicon to align 
sequences generated from CRISPR/Cas9 injected individuals. For GFP injected 
individuals, CRISPResso was run again to include substitutions, which revealed a 
significant number of substitutions along the length of the amplicon, confirming the 
presence of numerous gene copies. GFP sequences generated from control injected 
individuals were clustered into 8 alleles using CD-HIT-EST (Fu et al. 2012) with a 
clustering threshold of 99%. The 3’ end of the GFP amplicon is intronic and therefore 
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harbors more sequence diversity and diagnostic SNPs between the 8 control clusters. 
Thus the 83bp from the 3’ end of CRISPResso called alleles were extracted from each 
CRISPR/Cas9 injected individual. CD-HIT-2D was used to bin alleles from 
CRISPR/Cas9 injected individuals (database 2) into the 8 control alleles generated 
previously (database 1). To confirm that multiple GFP copies were targeted, Reciprocal 
Best Blast Hits (RBBH) was performed on the 8 control alleles and genomic contigs 
containing GFP sequences. 
RESULTS AND DISCUSSION 
Despite an abundance of genomic studies on coral physiology and genetics, most 
of these studies are correlative, and few reliable methods exist that can establish causal 
relationships between genotypes and phenotypes (Yasuoka et al. 2016). Our study 
provides an important framework for testing gene function in corals by describing a 
method to utilize the CRISPR/Cas9 system to induce targeted mutagenesis in genes of 
interest. This study characterizes the mutational spectrum induced by Cas9 in two target 
genes with putative ecological relevance for early life-stages of reef-building corals. Here 
we focus only on methodological aspects of the mutagenesis because proper phenotypic 
characterization of the mutants will require additional experiments.   
Generation of functional CRISPR/Cas9 sgRNA targeting Acropora millepora genes 
The functional Cas9 targets were designed within the second (FGF) or third exons 
(GFP and RFP) in order to increase the likelihood that a frameshift mutation would 
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disrupt gene function and avoid alternative transcriptional start sites found in many 
genes. The Cas9 targets were also positioned around an endogenous restriction site that 
facilitates genotyping of Cas9 induced mutations using an RFLP assay (Figure 13A). For 
the pDR274-cloned sgRNAs, in vitro cleavage assays were performed to determine if the 
guides were functional. Acropora millepora target site amplicons were amplified and 
mixed with the appropriate sgRNA/Cas9 ribonucleoprotein complexes, Cas9 protien, or 
sgRNA alone. Each of the ribonucleoprotein complexes was able to cleave its respective 
target site, however we saw no cleavage with the separate sgRNA or Cas9 protein 
incubations (Figure 13B). 
Microinjection of A. millepora embryos 
On the first night of spawning, 123, 147, 146 embryos were injected with either 
GFP, RFP, or FGF ribonucleoprotein complexes, respectively The following morning, 
approximately 12 hours post fertilization (hpf), 88 GFP, 79 RFP, and 74 FGF injected 
individuals remained alive. The second night of spawning, 246 individuals were injected 
with FGF ribonucleoprotein complexes and 227 individuals were injected with Cas9 
enzyme as a control. The following morning, approximately 12 hpf, 116 individuals 
injected with FGF guides remained alive and 176 individuals of Cas9 injection controls 
remained alive. A greater proportion of Cas9 control injected individuals (77%) remained 
alive 12 hpf compared to CRISPR/Cas9 injected individuals (53%), suggesting that gene 
manipulation might be resulting in elevated mortality. Considering the unknown function 
of the candidate genes, it’s possible that individuals with higher frequencies of 
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CRISPR/Cas9 cutting may not be able to survive and that such manipulations hinder 
developmental processes of the embryos. Although larvae of A. millepora are not visually 
fluorescent until day 3, there is still relatively high abundance of FP transcripts 0-2 days 
post fertilization and these proteins ultimately become some of the most abundant 
transcripts produced (Chapter 3). In order to further test the potential lethality of 
homozygous knockdowns of these candidate genes, a new batch of embryos would need 
to be injected and sacrificed in a time series beginning much sooner after injection, to 
verify if there are observable changes in cutting frequency across CRISPR/Cas9 induced 
individuals through time. 
CRISPR/Cas9 mutation spectrum within individual injected larvae 
MiSeq amplicon sequencing yielded an average of 35,307 reads per individual 
injected with FGF guides and 24,173 reads per individual injected with GFP guides 
(Table A9). After stringent merging of R1 and R2 reads (minimum 75bp overlap) and 
alignment to reference amplicon using default parameters (60% sequence identity), an 
average of 6,564 reads were retained per individual injected with FGF guides and 13,516 
reads were retained per individual injected with GFP guides (Table A9). Deep 
sequencing confirmed the introduction of indels generated by NHEJ at targeted genomic 
locations (Figure 14). Of the individuals sequenced, 4/10 GFP-injected individuals (40%) 
and 4/12 FGF-injected individuals (33%) contained insertions and deletions defined as 
NHEJ by CRISPResso (Figure 14). Of the four FGF-injected individuals with NHEJ, an 
average of 22.3% of total reads were NHEJ insertions or deletions (mean=2.6% 
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insertions, mean=19.7% deletions). Of the four GFP-injected individuals with NHEJ, an 
average of 8.7% of reads were defined as NHEJ (mean=1.4% insertions, mean=7.3% 
deletions). Because GFP is a gene family with an unknown number of copies in the 
genome (Kelmanson & Matz 2003; Alieva et al. 2008; Gittens et al. 2015), the numbers 
presented here do not reflect editing on a single target gene but still describe the 
mutational spectrum within the sequenced individuals. Both for FGF and GFP, the 
proportion of embryos exhibiting Cas9 induced mutations in this study is higher than 
what was reported in the anemone Nematostella vectensis (10% of recovered adults), the 
only other study employing this technique in Cnidarians (Ikmi et al. 2014).  
Substitutions among our GFP sequences reflecting differences among paralogous 
copies allowed us to examine whether our GFP sgRNA was inducing cleavage on more 
than one GFP gene. We clustered control GFP sequences using CD-HIT and recovered 8 
gene variants when clustered at 99% similarity. Sequences generated from CRISPResso 
on individuals with NHEJ indels for GFP were binned into those 8 control allele clusters. 
In the control injection, three of the clusters accounted for the majority of reads. Using 
reciprocal best blast hit against genomic contigs indicated that two of these clusters were 
found in different genomic contigs, suggesting they are separate loci (Figure 15). Because 
the GFP injected individuals were sacrificed 7 dpf, it is possible that individuals with 
higher frequencies of mutations died prior to sampling. Further studies on sgRNA/Cas9 
dosages effects and high depth genomic sequencing would help elucidate the effect on 
CRISPR/Cas9 on paralogous genes.   
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The spectrum of indel sizes varied between individuals (Figure 14C &D) and is 
similar to patterns of CRISPR/Cas9 induced mutations in other systems such as zebrafish 
and medaka (Hwang et al. 2013; Ansai & Kinoshita 2014). As expected, indels begin 
within the DNA sequence complementary to the sgRNA and the majority of indels are 1-
10bp deletions, typical of repair by NHEJ (Heidenreich et al. 2003). Our results on two 
independent loci illustrate that introduction of a single sgRNA is sufficient to induce a 
suite of site-specific mutations in Acropora. It is critical that future analysis to 
characterize potential off-target effects are performed, which are more common in the 
CRISPR/Cas9 system when compared to ZFN or TALEN methods (Zischewski et al. 
2017). 
Conclusions and future directions 
We provide the proof-of-principle that injecting CRISPR/Cas9 complexes into 
fertilized eggs can generate targeted mutations in a reef-building coral. The mosaic nature 
of the injected individuals is likely due to two factors: first, slow rate of CRISPR/Cas9 
cleavage relative to the rate of cell division during early development (Ball et al. 2002); 
and second, potentially higher mortality of embryos with higher-efficiency mutagenesis. 
Future studies should focus effort on maximizing the number of injected individuals and 
fine-tuning the dosage effects of sgRNA/Cas9, because concentrations of complexes can 
produce variable levels of targeted cleavage (Ansai & Kinoshita 2014). In addition, it is 
necessary to characterize the phenotypic effects of Cas9-induced mutagenesis, including 
the impact of mosaic genotypes on gene expression. Our methods represent the critical 
 109 
first step in developing gene-editing toolkit to investigate genotype-phenotype connection 
in reef-building corals, a highly relevant group of organisms both in terms of ecology and 











Figure 13: sgRNA design and in vitro digestion assays. A) sgRNAs targeting exon 2 in 
FGF1a and exon 3 in GFP and RFP were designed to encompass an 
endogenous restriction enzyme binding sites for CRISPR/Cas9 validation. 
Asterisks denote predicted Cas9 cut sites. B). Endogenous restriction 
enzyme binding sites are disrupted by Cas9 mutations in vitro (BGIII for 

















































Figure 14: Deep sequencing of injected larvae show a spectrum of deletions and 
insertions generated by NHEJ. Percentage of reads with insertions or 
deletions at each position along the amplicon for FGF injected individuals 
(A) and GFP injected individuals (B). Percentage of reads with insertions 
and deletions of variables sizes in FGF injected individuals (C) and GFP 




Figure 15: Cas9 induced mutations occur in more than one copy of GFP. GFP1 and GFP2 
were classified as unique sequences based on 99% clustering using CD-HIT 
and reciprocal best blast against genomic contigs. SNP variation between 
GFP1 and GFP2 are highlighted in magenta. Selected indels illustrate 










Summary and Implications 
 This dissertation integrates ecology, experimental biology and genomics to 
investigate how the interaction of physiology, behavior and molecular traits influence 
dispersal potential of broadcast spawning reef-building corals. This study reveals new 
insight into variation in complex traits of early life history stages, which ultimately 
impact the potential for reef-recovery following environmental disturbances. This 
research also provides novel explanations for the significance of fluorescent proteins in 
early life-history stages, and illustrates a link between fluorescence and larval dispersal 
ecology. 
 The capacity of planktonic larvae to influence their fate has historically been 
underestimated in the field of marine larval ecology, as they have been traditionally 
deemed as ‘passive drifters’. Although the swimming capacity of coral larvae is weak 
enough for them to be at the mercy of oceanic currents and water flow across the reef 
(Hata et al. 2017), a diverse array of literature, including results from Chapter 1, illustrate 
the complex sensory capabilities of coral larvae (Maida et al. 1994; Heyward & Negri 
1999; Siboni et al. 2012; Tebben et al. 2015), providing larvae with partial control over 
where on the benthos to metamorphose. In Chapter 1, the hypothesis that light color 
mediates variation in response to settlement cue in a depth dependent manner was tested. 
This was examined in two reef-building corals with variable depth profiles, Acropora 
millepora, a shallow water species in the Indo-Pacific, and Pseudodiploria strigosa, from 
a uniquely deep population in the Caribbean. Larvae from a deep-water P. strigosa 
population showed higher proportion of settlement in deep-water shifted light colors. 
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Meanwhile, settlement responses to different wavelengths of light in shallow water A. 
millepora showed a similar depth dependent preference. Further experimentation 
suggests that light color may also act as an orientation cue in larvae of A. millepora. 
These results reveal an additional layer of complexity in the sensory biology of coral 
larvae and suggest more complex mechanisms of light detection than previously reported.  
 Mechanisms of light detection in coral larvae remain contentious as coral larvae 
lack specialized visual structures, yet they exhibit behavioral responses to light and 
produce light absorbing compounds such as opsins, cryptochromes and fluorescent 
proteins (FPs) (Levy et al. 2007; Alieva et al. 2008; Mason et al. 2012). By far, the most 
abundantly produced light-absorbing compounds produced by corals are fluorescent 
proteins (FPs) (Chapter 3; Oswald et al. 2007; Leutenegger et al. 2007), yet their 
potential role in light detection had not been clearly elucidated. Results of Chapter 1 
found that A. millepora individuals with naturally variable ratios of red and green FP 
have similar behavioral responses in different colored light treatments, except in the 
darkness. Therefore, the function FPs during settlement appear to be unrelated to light 
detection, despite the light absorbing properties of FPs. In addition, the findings of 
Chapter 2 suggest larvae of different color morphs show subtle differences in gene 
expression as a response to different wavelengths of lights, including expression of light-
absorbing cryptochromes. There was, however, no interaction between light color and 
fluorescent color morph. This corroborates my previous result that variation in FPs is not 
involved in light detection, at least in the context of developmental transition from free-
swimming larva to sessile juvenile. 
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 In Chapter 2, a large effect on gene expression between color morphs was 
observed, as opposed to the low level of differential expression between colored light 
treatments. Gene expression profiles of each color morph were compared against known 
gene expression datasets in corals and other organisms exhibiting diapause. These results 
indicate that gene expression in green larvae was correlated with physiological response 
to stress, while gene expression in red larvae correlated with tolerance to stress, 
suggesting a major axis of physiological variation between the two fluorescent color 
morphs likely involves response to thermal stress. Further analysis of correlations 
suggests that red larvae have similar gene expression profiles to diapausing organisms, 
which characteristically display elevated tolerance to stressful conditions. This result has 
implications for the dispersal potential of corals. Coral larvae of multiple broadcast 
spawning species have the potential to survive in the water for hundreds of days despite 
being non-feeding, yet whether or not a diapause-like state exists in corals has not been 
investigated (Graham et al. 2008; Davies et al. 2017). The amount of time spent in the 
water column directly reflects the potential for dispersal to new environments and there is 
variation in dispersal capacity across taxa, between populations and within a cohort of 
siblings (Kinlan & Gaines 2003; Connoly & Baird 2010; Davies 2014; Davies et al. 
2014). The physiological mechanisms that enable some coral larvae to exist in the water 
column for long periods of time on limited energetic reserves are completely unknown, 
and this research puts forth a set of molecular pathways related to fluorescence that may 
facilitate long-range dispersal. 
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 Typically, marine larval dispersal models use biological parameters associated 
with larval survival and length of time in which they are able to metamorphose in 
response to settlement cue, or larval competence, to determine the pelagic larval duration 
(PLD). Chapter 3 describes the molecular components driving the ability of larvae to 
develop competence, by examining changes in gene expression, competency and 
fluorescence throughout larval development to identify genes associated with these 
complex dispersal related traits. This resulted in the most extensive gene expression 
dataset through larval development for in any basal metazoan to date. This approach 
revealed genes and molecular functions associated with the maternal-zygotic transition, 
embryonic development, as well as with post-embryonic metabolic and neurological 
changes culminating in a larva fully capable of settlement and metamorphosis. This gene 
expression assay was complemented with a targeted drug screen, to assert the role of 
upregulated signaling pathways, including GPCR signaling. This dataset suggests that, as 
larvae mature, their neurochemical signaling abilities become enhanced as well, and their 
gene expression reflects ‘priming’ for natural settlement and metamorphosis. In addition, 
there is a tradeoff between expression of acute stress response proteins and the propensity 
to metamorphose, revealing the potential for thermal stress to directly impact dispersal 
potential in coral larvae. Finally, this dataset illustrates that fluorescence increase 
throughout development, yet expression of different colored FPs showed remarkably 
variable patterns throughout larval development, suggesting each spectral type of FP 
likely plays a different role during development. In addition to relevance for coral 
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biology, this dataset provides a platform for asking broader questions about evolution of 
development, dispersal, life-histories and sensory capacities in multicellular animals.  
 Taken together, Chapters 1-3 generated concise hypotheses regarding the 
molecular functions of candidate genes and pathways correlating with larval fluorescence 
and competency. In order to corroborate the correlations between molecular pathways 
and phenotype, it is critical to develop a method for gene manipulation in A. millepora. In 
Chapter 4, I developed a technique to inject CRISPR/Cas9 ribonucleoprotein complexes 
into fertilized eggs of A. millepora and show that this results in targeted double strand 
breaks and incorporation of non-homologous end joining indels, generating non-
functional copies of candidate genes. This technique was validated for two candidate 
genes, GFP and an FGF, a putative candidate gene involved in competence. Injections 
into fertilized eggs generated mosaic individuals, where some genomic copies were 
altered and some were wild type. In addition, because GFP is a highly multi-copy gene in 
the A. millepora genome (Gittens et al. 2015), the study describes how a single sgRNA is 
capable of cutting multiple genomic copies of this particular FP. Taken together, this 
provides a valuable platform to perform gene knockdown experiments to study gene 
function in an ecologically relevant context. 
ON THE FUNCTION OF FLUORESCENT PROTEINS 
 The motivation for much of this research was driven by the lack of understanding 
of the functional roles of FP in corals. Most studies of coral fluorescence have focused on 
the adult stage, even when fluorescent variation is also prominent in larvae (Kenkel et al. 
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2011; Roth et al. 2013). FPs in corals are highly abundant and multiple hypothesized 
functions have been proposed including photoprotection (Salih et al. 2000; Roth et al. 
2010), antioxidant activity (Bou-Abdallah et al. 2006; Palmer et al. 2009a), regulation of 
Symbiodinium (Field et al. 2006; Wang et al. 2008), immune function (Palmer et al. 
2009b; D’Angelo et al. 2012), and photosynthetic enhancement (Salih et al. 2000). 
However, many of the hypothesized functions are not supported across different studies.  
For example, multiple hypotheses on coral FP function regarding host interactions 
with Symbiodinium do not take into account that larvae of many broadcast spawning 
corals are highly fluorescent even when they are aposymbiotic. Further, in coral larvae 
harboring vertically transmitted Symbiodinium, as in Seriatopora hystrix, GFP 
fluorescence and Symbiodinium density are widely variable among larvae and show no 
correlation (Roth et al. 2013). Therefore, functions of FPs in larvae are likely important 
for larval physiology, but not to mediate symbiosis. The studies in this dissertation report 
novel hypotheses on the function of fluorescence in coral larvae.  
Chapter 3 shows larvae are redder prior to developing competency and become 
greener as they mature and become more competent, which coincides with previous 
results in A. millepora showing green larvae exhibited higher responsiveness to 
settlement cues (Kenkel et al. 2011). Other examples of ontogenetic shifts in coral 
fluorescence such as this are also reported in (Roth et al. 2013) and these shifts may 
explain conflicting results in FP function studies, as FPs may have unique functions 
based on life-history stage, symbiotic state and environment. Larval redness also 
correlates with higher tolerance to thermal stress (Chapter 2), supporting a 
 119 
photoprotective role of larval RFPs. Moreover, this body of work highlights that 
fluorescent variation in coral larvae is associated with variable physiologies and long-
distance dispersal potential. Such variable larval phenotypes suggest that adults produce 
offspring with varying physiologies and capacity for settlement, which may increase 





















Table A1: Acropora millepora 2011 season. (a) Odds ratio of settlement between 
different light treatments and no light controls. (b) Odds ratio of settlement 
between red and green larval colour morphs in 4 light treatments (no larvae 
settled in red light treatment). 
(a) 
 
Light Treatment Compared to Dark 
 Color treatment Odds Ratio P-value* 
Blue light  4.8 é 2.1E-05 
Red light  6.0 ê 0.06 
Green light  6.8 é 3.1E-08 
   




Red larvae Compared to Green larvae 
Light Treatment Odds Ratio P-value* 
Blue light  1.6 ê 0.54 
Green light 1.5 é 0.6 
Darkness 6.4 é 0.005 
   
* Fisher’s exact test  
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Table A2: Statistics for P. strigosa and A. millepora (2012 and 2013 seasons). 
P. strigosa 
Model AIC Pr(>Chisq) 




< 0.0001 *** 
 
glmer1: cbind(settled, not) ~ time + colour + (1 | 






Reference Condition Condition Pr(>|z|) Fold-Difference 
colour (dark):    
 time (72 hrs) 6.0e-10 *** 2.6 é 
 colour(blue) 0.02 * 1.7 é 
 colour (green) 0.07 . 1.5 ê 
 colour (red) 0.09 . 1.4 ê 
glmer1: cbind(settled, not) ~ time + colour + (1 | 






Reference Condition Condition Pr(>|z|) Fold-Difference 
colour (blue):    
 time (72 hrs) 6.0e-10 *** 2.6 é 
 colour(dark) 0.02 * 1.7 é 
 colour (green) 4.0e-05 *** 2.4 ê 
 colour (red) 6.3e-05 *** 2.4 ê 
A. millepora 2012 
Model AIC Pr(>Chisq) 
glmer0: cbind(settled, not) ~ time + (1 | index) + (1|i2) 
 727.4 < 1e-15 *** 
glmer1: cbind(settled, not) ~ time + colour + (1 | 
index) + (1|i2) 
 
714.8 0.0003 *** 
Reference Condition Condition Pr(>|z|) Fold-Difference 
colour (dark)    
 time (22 hrs) < 2e-16 *** 2.2 é 
 colour (blue) 0.002 ** 2.1 é 
 colour (red) 0.5 1.2 é 
 colour (green) 0.0001 *** 2.5 é 
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Table A2 continued: 
Reference Condition 
   
colour (red)    
 colour (blue) 0.01 * 1.8 é 
 colour (green) 0.001 ** 2.2 é 
glmer2: cbind(settled, not) ~ time + colour + 
colour:cross + (1 | index) + (1|i2) 
 
714.8 0.09 . 
Reference Condition Condition Pr(>|z|) Fold-Difference 
colour (dark) & cross (ba)    
 colour (dark): cross (ab) 0.02 * 2.2 é 
 colour (blue): cross (ab) 0.2 1.6 ê 
 colour (green): cross (ab) 0.5 1.3 é 
 colour (red): cross (ab) 0.8  1.1 é 
    
Settlement chambers experiment (A. millepora 2013) 
Model AIC Pr(>Chisq) 






glmer2: count ~ tileOrientation + 






Reference Condition Condition Pr(>|z|) Fold-Difference 
treatment (control):    





















0.05 . 2.2 ê 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table A3: Odds ratios of settlement between BA and AB families under four light 
treatments 
 
Red larvae (BA) compared to green larvae (AB) 
 Colour treatment Odds Ratio P-value* 
Darkness  2.7 ê 0.0001 
Blue light  1.6 é 0.04 
Red light  1.0 é 0.8 
Green light  1.1 ê 0.6 
   
 
Table A4:  Summary of two microsatellite A. millepora SSR markers used in parentage 
analysis (Modified from Wang et al 2009) and corresponding parental 
genotypes (approximate length in bp). 
Locus 
(Repeat) 
Primer Sequence  
5’-3’ Repeat Parent 1 Parent 2 Parent A Parent B 
EST032 F: FAM-aggcacaagaaagtggaaaacaa 









WGS092 F: HEX-ctgggcaaatattaccacttga 










Table A5: Full GO results from Fisher’s exact test of genes in each module 
Module #genes in Module Ontology Name Padj 
black 1456 BP ribonucleoprotein complex biogenesis 1.82E-26 
   
macromolecule biosynthetic process 3.69E-07 
   
cellular component organization or biogenesis 1.17E-06 
  
MF structural constituent of ribosome 2.35E-16 
   
structural molecule activity 8.54E-13 
  
CC ribosome 1.79E-16 
 
  
ribonucleoprotein complex 1.26E-15 
   
cytosolic part 1.07E-14 
   
non-membrane-bounded organelle 7.40E-13 
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large ribosomal subunit 1.35E-10 
   
small ribosomal subunit 1.10E-05 
brown 1052 MF protein tyrosine kinase activity 0.078701779 
cyan 285 MF protein binding 0.006392599 
   
protein kinase activity 0.033538205 
   
receptor binding 0.033538205 
   
protein tyrosine kinase activity 0.052984743 
   
voltage-gated calcium channel activity 0.056035117 
darkgrey 96 MF guanyl-nucleotide exchange factor activity 0.013710025 
   
protein serine/threonine kinase activator activity 0.013710025 
   
Ras guanyl-nucleotide exchange factor activity 0.06985556 
   
protein kinase regulator activity 0.096746835 
  
CC microtubule associated complex 0.088023898 
darkturquois
e 97 MF hydrogen ion transmembrane transporter activity 5.74E-07 
   
hydrogen-transporting two-sector ATPase activity 0.000130786 
   
cation-transporting ATPase activity 0.000130786 
   
inorganic cation transmembrane transporter activity 0.002452212 
   
P-P-bond-hydrolysis-driven transmembrane transporter 
activity 0.01887912 
   
cation transmembrane transporter activity 0.03335286 
   
active transmembrane transporter activity 0.095975728 
  
BP purine-containing compound metabolic process 0.000127923 
   
nucleobase-containing small molecule metabolic process 0.000334057 
   
carbohydrate derivative metabolic process 0.000334057 
   
carbohydrate derivative biosynthetic process 0.000334057 
   
organonitrogen compound biosynthetic process 0.000334057 
   
organophosphate biosynthetic process 0.00040597 
   
organonitrogen compound metabolic process 0.000710956 
   
transmembrane transport 0.001362266 
   
organophosphate metabolic process 0.002525852 
   
single-organism biosynthetic process 0.002525852 
   
organic cyclic compound biosynthetic process 0.003607819 
   
small molecule metabolic process 0.034300654 
   
monovalent inorganic cation transport 0.039312589 
   
nucleobase-containing compound metabolic process 0.046217883 
   
protein maturation 0.049778661 
   
respiratory electron transport chain 0.097492519 
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CC proton-transporting two-sector ATPase complex 0.00190415 
darkorange 196 BP macromolecule biosynthetic process 0.005051354 
  
MF RNA binding 0.059056278 
  
CC transcription factor complex 0.045060884 
greenyellow 562 BP macromolecule biosynthetic process 0.018004842 
   
cellular component assembly 0.046762755 
   
small molecule metabolic process 0.091453126 
  
MF translation initiation factor activity 0.041197495 
   
FK506 binding 0.041197495 
   
drug binding 0.047514158 
   
C-acyltransferase activity 0.061856184 
   
palmitoyltransferase activity 0.071557126 
   
organic anion transmembrane transporter activity 0.088661443 
   
translation factor activity, nucleic acid binding 0.061856184 
   
transferase activity,  transferring acyl groups 0.071557126 
grey60 365 BP nitrogen compound transport 0.054344087 
   
negative regulation of biological process 0.069693185 
  
CC transferase complex 0.051848321 
   
clathrin-coated vesicle 0.051848321 
  
MF kinase activity 0.085557578 
lightcyan 959 BP nucleic acid metabolic process 3.65E-05 
   
nucleobase-containing compound metabolic process 0.000658547 
   
RNA processing 0.000658547 
   
cellular response to stress 0.000979227 
   
chaperone-mediated protein folding 0.000979227 
   
protein folding 0.004945689 
   
RNA metabolic process 0.004945689 
   
DNA metabolic process 0.01789269 
   
DNA replication initiation 0.07356247 
  
MF RNA binding 0.002587484 
   
ATPase activity 0.002587484 
   
DNA-dependent ATPase activity 0.018571267 
   
helicase activity 0.022770663 
   
primary active transmembrane transporter activity 0.031684532 
   
active transmembrane transporter activity 0.033396378 
   
protein transporter activity 0.043504558 
   
1-alkyl-2-acetylglycerophosphocholine esterase activity 0.072847472 
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oxidoreductase activity, acting on NAD(P)H 0.099718205 
  
CC mitochondrial part 0.024460733 
   
mitochondrial large ribosomal subunit 0.043121023 
   
small nucleolar ribonucleoprotein complex 0.046424049 
   
MCM complex 0.046424049 
   
small nuclear ribonucleoprotein complex 0.068560852 
lightyellow 226 BP nucleoside metabolic process 0.000988408 
   
carbohydrate derivative biosynthetic process 0.000988408 
   
transmembrane transport 0.001329407 
   
nucleobase-containing small molecule metabolic process 0.006079167 
   
carbohydrate derivative metabolic process 0.006079167 
   
cellular response to oxidative stress 0.007376527 
   
organonitrogen compound biosynthetic process 0.009735043 
   
organic cyclic compound biosynthetic process 0.01433718 
   
monovalent inorganic cation transport 0.016594969 
   
single-organism biosynthetic process 0.02451295 
   
organophosphate biosynthetic process 0.02451295 
   
response to oxidative stress 0.03278689 
   
organophosphate metabolic process 0.039999274 
   
small molecule metabolic process 0.045098708 
   
organonitrogen compound metabolic process 0.045098708 
   
response to chemical 0.04711553 
   
cation transport 0.065110497 
  
MF hydrogen-transporting two-sector ATPase activity 2.54E-05 
   
hydrogen ion transmembrane transporter activity 2.54E-05 
   
cation-transporting ATPase activity 0.000726973 
   
inorganic cation transmembrane transporter activity 0.016246972 
   
cation transmembrane transporter activity 0.099105448 
   
oxidoreductase activity, acting on NAD(P)H… 0.056168702 
   
oxidoreductase activity, acting on NAD(P)H… 0.099105448 
  
CC proton-transporting two-sector ATPase complex 0.000249661 
   
proteasome core complex 0.051123135 
magenta 555 BP cellular component assembly 0.011478802 
  
CC protein-DNA complex 0.04659257 
   
proteasome core complex 0.04659257 
  
MF threonine-type peptidase activity 0.094797405 
pink 565 BP biomineral tissue development 1.75E-06 
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inorganic anion transport 0.011706447 
   
developmental process 0.026660387 
   
immune response 0.085145625 
  
MF procollagen-proline 4-dioxygenase activity 0.000155835 
   
triglyceride lipase activity 0.005381651 
   
calcium ion binding 0.00906758 
   
dioxygenase activity 0.016276948 
   
glucuronosyl-N-acetylgalactosaminyl-proteoglycan... activity 0.070054879 
   
peptidase activity 0.070054879 
   
oxidoreductase activity… 0.034664564 
   
oxidoreductase activity… 0.00906758 
  
CC extracellular region 1.33E-08 
   
procollagen-proline 4-dioxygenase complex 5.74E-05 
   
oxidoreductase complex 0.000656565 
   
endoplasmic reticulum part 0.000678579 
purple 711 MF long-chain fatty acid-CoA ligase activity 0.092051298 
   
oxidoreductase activity, acting on CH-OH group of donors 0.006367107 
  
CC collagen trimer 0.013176627 
salmon 291 BP DNA methylation 0.005762181 
   
DNA metabolic process 0.009905866 
   
single-organism organelle organization 0.009905866 
   
nucleic acid metabolic process 0.022376922 
  
MF DNA binding 0.023551745 
  
CC myosin complex 0.003740133 
turquoise 1551 BP single-multicellular organism process 2.01E-06 
   
potassium ion transport 2.42E-05 
   
cation transport 0.000158432 
   
neuropeptide signaling pathway 0.000158432 
   
metal ion transport 0.000158432 
   
monovalent inorganic cation transport 0.000273875 
   
phenol-containing compound metabolic process 0.000358505 
   
proteolysis 0.000894814 
   
single-organism transport 0.000894814 
   
cell surface receptor signaling pathway 0.001086062 
   
G-protein coupled receptor signaling pathway 0.001086062 
   
regulation of body fluid levels 0.001086062 
   
organic hydroxy compound metabolic process 0.002367886 
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sensory perception 0.016235151 
   
cell communication 0.024996006 
   
single-organism developmental process 0.029040679 
   
cell adhesion 0.029412336 
   
signal transduction 0.042088377 
  
MF channel activity 6.47E-11 
   
gated channel activity 1.12E-08 
   
voltage-gated ion channel activity 1.36E-05 
   
potassium ion transmembrane transporter activity 2.41E-05 
   
calcium ion binding 0.000141487 
   
trypsin activity 0.00084151 
   
metallopeptidase activity 0.00084151 
   
cation transmembrane transporter activity 0.001208744 
   
receptor activity 0.001733005 
   
metal ion transmembrane transporter activity 0.001733005 
   
ligand-gated ion channel activity 0.007525108 
   
subtilase activity 0.014705184 
   
signal transducer activity 0.017929155 
   
sodium channel activity 0.028460051 
   
acetylcholine receptor activity 0.028460051 
   
carboxy-lyase activity 0.037929556 
   
neprilysin activity 0.049059773 
   
vitamin binding 0.049059773 
   
inorganic cation transmembrane transporter activity 0.06640831 
   
peptidase activity 0.06640831 
   
guanylate cyclase activity 0.074182157 
   
extracellular ligand-gated ion channel activity 0.074182157 
   
G-protein coupled receptor activity 0.096699321 
   
anion channel activity 0.096699321 
   
tetrapyrrole binding 0.098266328 
  
CC plasma membrane part 6.19E-08 
   
cation channel complex 9.22E-06 
   
synapse part 0.006536641 
   
postsynaptic membrane 0.013589303 
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Table A6: Drugs exposed to larvae 
















































































Table A7: CRISPR/Cas9 sequencing primers 





















Table A8: CRISPR/Cas9 sgRNA sequences 
Gene Functional or 
Non-Functional 
sgRNA Sequence 
5’-3’ (PAM underlined) 






FGF Functional tgatttcactagatctgaagagg 



















Table A9: MiSeq read counts and alignment quantification 
Sample ID Target Condition 
Total Number 
of Sequences 




FGF 1 FGF Injected 43032 8139 18.9% 
FGF 2 FGF Injected 36982 7011 19.0% 
FGF 3 FGF Injected 34255 6152 18.0% 
FGF 4 FGF Injected 41324 7289 17.6% 
FGF 5 FGF Injected 39626 6610 16.7% 
FGF 6 FGF Injected 5989 1104 18.4% 
FGF 7 FGF Injected 44485 8597 19.3% 
FGF 8 FGF Injected 37246 7004 18.8% 
FGF 9 FGF Injected 33397 6245 18.7% 
FGF 10 FGF Injected 35429 6807 19.2% 
FGF 11 FGF Injected 34258 6733 19.7% 
FGF 12 FGF Injected 40169 6640 16.5% 
FGF C1 FGF Control 35293 7162 20.3% 
FGF C2 FGF Control 32819 6403 19.5% 
Average     35307 6564 18.6% 
GFP 1 GFP Injected 25293 14030 55.5% 
GFP 2 GFP Injected 21259 12115 57.0% 
GFP 3 GFP Injected 25162 12519 49.8% 
GFP 4 GFP Injected 27700 15956 57.6% 
GFP 5 GFP Injected 30504 17202 56.4% 
GFP 6 GFP Injected 27705 15374 55.5% 
GFP 7 GFP Injected 26193 14590 55.7% 
GFP 8 GFP Injected 2163 1066 49.3% 
GFP 9 GFP Injected 27379 15618 57.0% 
GFP C1 GFP Control 23831 13361 56.1% 
GFP C2 GFP Control 25235 13606 53.9% 
GFP C3 GFP Control 27647 16761 60.6% 







Figure A1: Non-normalized spectra in different directions for ambient light at depth for 
Pacific Field Season 3 (a), light within the coloured treatment (b) and light 
within the control treatment (c) ± SE. The curves represent light fields 
measured at different settlement surfaces (see legend) horizontal surfaces 
facing either up or down and vertical surfaces facing either the reef (“in”) or 
the expanse of sand patch (“out”). Numbers in parentheses are the number 
of times each measurement was taken. X-axis is wavelength in nanometers, 




Figure A2: Equalized intensity between coloured and control chambers. (a) spectra with 
increasing layers of white, diffusing plastic. Y-axis is wavelength in 
nanometers (b) Number of diffusing layers necessary to equal total amount 










Figure A3: Total numbers of recruits of A. millepora in manipulated light chambers in 
situ on the reef on all surfaces (2013). 
 
Figure A4: Differences in fluorescence in A. millepora larvae from 2012. Quantification 
of average fluorescence between crosses: average RGB values per larva per 
culture. The BA family has significantly more red larvae than the AB family 


















Figure A5: Results of EmpericalFDR.DESeq2 testing for phenotype by treatment 
interaction. X-axis is the raw p-value cutoff, the Y-axis is the number of 
differentially expressed genes discovered at this cutoff. Black line is real 
data, red line is simulated counts data recapitulating the same per-gene 
counts and dispersion parameters as well as sample size factors but lacking 
effects of predictor variables. Dashed line is the discovery rate assuming 
uniform p-value distribution. Real dataset never yields more DEGs than 

























Figure A6: Gene ontology categories enriched by genes differentially expressed between 
red morphs and both green morphs (red: up-regulated in red larvae, blue: 
down-regulated in red larvae). The font type identifies the FDR-adjusted p-
value derived from the Mann-Whitney U test. The dendrogram depicts the 
sharing of genes between categories; the categories with no branch length 
between them are subsets of each other. The fraction is the proportion of 
genes with an unadjusted p<0.05. A. GO for Biological Process. B. GO for 
Cellular Component. C. GO for Molecular Function. 
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Figure A7: Genes and gene ontology (GO) analysis of genes differentially expressed 
between green morphs and all other morphs. Categories significantly 
enriched are either up-regulated in green (red) or down-regulated in green 
(blue). The font type identifies the FDR-adjusted p-value derived from the 
Mann-Whitney U test. The dendrogram depicts the sharing of genes 
between categories; the categories with no branch length between them are 
subsets of each other. The numbers identify the number of genes in a 
category with an unadjusted p<0.05 / total number of genes within the 
category in the dataset being analyzed. A. GO for Cellular Component. B. 






Figure A8: Gene names corresponding to significant GO terms (FDR=0.1) in pair-wise 
comparisons between color morphs with unadjusted p-values <0.1. The 





Figure A9: Heatmap of annotated genes differentially expressed after 4-hour exposure to 
light treatments (determined by the package ‘empircalFDR.DESeq2’). 
Column names begin with fluorescent phenotype (red, mega-green and 
green) followed by light treatment (red light, green light and darkness) of 













Figure A10: A. Heatmap of annotated genes differentially expressed between mega-green 
morphs and other morphs (EFDR). B Heatmap of genes differentially 
































































































































O-linked N-acetylglucosamine transferase OGT
isogroup13885
Basic region leucine zipper transcription factor
isogroup13786
isogroup10425
GTPase Rab1/YPT1, small G protein superfamily, and related GTP-binding proteins
isogroup9400
isogroup7530
START domain-containing proteins involved in steroidogenesis/phosphatidylcholine transfer
Triglyceride lipase-cholesterol esterase
GTPase Rab3, small G protein superfamily
Fibrillins and related proteins containing Ca2+-binding EGF-like domains
Neurexin IV
isogroup21947





































































































































Splicing factor RNPS1, SR protein superfamily
heat shock protein 90kDa beta
isogroup26014
Transcriptional regulator isogroup11806
Anti-apoptotic Bcl-2 family proteins, prevent opening of mitochondrial porin channel
solute carrier family 39 (zinc transporter), member 4
mRNA splicing factor
Basic region leucine zipper transcription factor
isogroup13786
isogroup10425
SMT3/SUMO-activating complex, catalytic component UBA2
phenylalanyl-tRNA synthetase alpha chain
isogroup11511
oligosaccharyltransferase complex subunit delta (ribophorin II)
26S proteasome regulatory complex, ATPase RPT4
Mitochondrial phosphate carrier protein
isogroup29798
Phosphoserine aminotransferase
26S proteasome regulatory complex, ATPase RPT6
Transcription factor containing NAC and TS-N domains
isogroup20595
isogroup21951
Electron transfer flavoprotein, alpha subunit
Projectin/twitchin and related proteins
Sodium-neurotransmitter symporter
Ornithine decarboxylase antizyme
20S proteasome, regulatory subunit beta type PSMB6/PSMB9/PRE3
isogroup29721
tubulin beta
20S proteasome, regulatory subunit alpha type PSMA1/PRE5




















von Willebrand factor and related coagulation proteins
C-type lectin
isogroup45614
Collagens (type IV and type XIII), and related proteins








ZP: zona pellucida domain-containing, no membrane anchor
egf2ZPm: 2 EGF domains, zona pellucida domain, membrane anchor
























Fibroblast/platelet-derived growth factor receptor
isogroup28080
Ca2+-dependent phospholipid-binding protein Synaptotagmin
Fibrillins and related proteins containing Ca2+-binding EGF-like domains
Neurexin IV ; discoidin domain receptor family member 1
isogroup21947
Attractin and platelet-activating factor acetylhydrolase
Collagens (type IV and type XIII), and related proteins
isogroup34106
isogroup12712
Collagens (type IV and type XIII), and related proteins
isogroup23566
FOG: Zn-finger




CREB/ATF family transcription factor















Figure A13: Histogram of mean counts (after removal of lowly expressed genes). Mean 
expression values for candidate genes egfZPm (8.62) and RFP (11.91) are 
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